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Abstract
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-
This thesis examines the utility of commercial

satellite-acquired imagery for the surveillance of the
Canadian North. Analytical performance madels are developed
for visible and thermal wavelength sensors. These models
form the basis for evaluation of an individual sensor’s
potential contribution to surveillance. The missian of
surveillance is sectioned into five separate missiaons. Far
each mission, sensor system evaluation algorithms, which
combine individual sensar’'s probabilities of detection and
tracking, are proposed and optimization techniques
identified. Sample algorithms, using a representative
target set, are provided for each mission. Analysis shous
that the selection of specific sensors is mission and
situation specific. - |
;
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USE OF COMMERCIAL SATELLITE IMAGERY
FOR SURVEILLANCE OF THE CANADIAN NORTH BY THE

CANADIAN ARMED FORCES

I. Introduction

ackground

The first civilian satellite built to observe the earth
was the National Aergnautics and Space Administration’s
(NASA) Earth Resources Technology Satellite launched in
1972. That satellite was later renamed the Land Satellite
(Landsat-1) and was the forerunner of a series of remote
sensing satellites built and fFlown by NASA. In 1885 the
Landsat system was transferred from NASA to the Earth
Observation Satellite Company (EOSAT): a private company
farmed to market Landsat to the world. The remote sensing
of the Earth had become a commercial enterprise.

Interest in providing satellite sensed data for profit
is growing. Systeme Probataoire d'Observation de la Terre,
or SPOT, joined EOSAT in the remote sensing marketplace in
1986 with the launch of its first satellite, SPOT-1. The
following year, in 1387, the Soviet Unian began selling
photographs taken from its satellites through a commercial

organization known as Sojuzkarta. In the near future other
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nations plan to build, fly, and market their own systems.

Among them are Japan, Canada, India, and a consortium of
European nations which participate in the Euraopean Space
_ Agency (ESA).

Nat only will there be more systems available in the
1880s, but the resolution of the data the systems will
i provide will be improved. For example, Landsat 5 carries a
sensor that achieves a ground resolution of 30 meters. A

similar sensor on Landsat 6 will achieve a ground resolution

of 15 meters (72:360).

As the resolution of the imaging sensors increases, soO
does the potential for use of the data by the military for
surveillance and reconnaissance. At present SPOT can
provide images having a ground resclution of 10 meters.

This resolution applies irrespective of whether SPOT is
looking at wheat fields aor military installations. While
military intelligence gathering satellites pravide better
resolution than deoes SPQT, there is sufficient detail
available on SPOT images to reveal information of military
value such as the existence of facilities and tracks made by
the gathering of vehicles (21:5). "SPOT's implications are
profound because it blurs the distinction between civilian
and military observation from space in direct proportion to

the clarity of its imagery"” (10:326).




Although the trends toward more and better data are
clear, the specific military value of data from commercial
systems 1ls difficult to ascertain -- difficult since the
value of available information is largely determined by
comparing it to the information required for a specific
mission which can be hard to identify, and difficult since
the information requirements for the diversity of modern
military missions are equally diverse.

Although there are many responsibilities entrusted to
the military, the primary mission of any nation’'s armed
forces is the establishment and enforcement of control over
national territory, airspace, and territorial waters. This
requires infarmation aon the current situation within
territorial boundaries, and on potential threats to the
nation.

Notwithstanding the fact that the enforcement of
sovereignty is a common mission of all militaries and that
this requires similar types of information, the magnitude of
the task is significantly different for different
militaries. Perhaps the military maost challenged by this
mission is the Canadian Armed Forces (CAF). Canada is the
second largest country in the world, covering 9,820,330
square kilometers. Moreover, approximately 390% of its
territory is isolated and bears no permanent settlements

(13:3). Yet the vast stretches of the Canadian North offer




econaomic and scientific wealth, and occcupy a region of
significant strategic importance between the United States
and the Soviet Union.

The Canadian North is large and it must be controlled.
To attempt to exercise control through permanent stationing
of forces throughout the area would be impractical. In
contrast, it is reasonable to maintain surveillance of the
Canadian North so that forces may be assigned as required.

The task of maintaining surveillance in the arctic is
itself a formidable one. However, it is passible that
commercial satellite imaging systems may be able to provide
data of sufficient quality to support this mission.
Therefore, it is appropriate to assess the value of such
data in terms of its ability to provide useful surveillance
information about the Canadian North to the CAF. Moreover,
the imminent proliferation of commercial satellite imaging

systems makes this a good time to conduct this assessment.

Problem Statement

In that the Canadian Armed Forces (CAF) requires
information concerning current situations and potential
threats in the Canadian North, and in that surveillance
information derived from satellite imaging sensors will be 1
available from commercial firms, the problem is to determine

the value of commercial satellite images to the CAF and to

Wi N

develop a system use strategy for the purchase of images.




Research @Questians

The following questions are addressed in this research:

(1) What commercial satellite imaging systems will be
potential suppliers for surveillance and reconnaissance data
during the 13830s7?

(2) What will the system’s capabilities be for these
potential suppliers? Analysis of system performance will
include consideration of system responsiveness and coverage,
and will investigate the minimum target size detettable by
the system’s sensors.

(3> How can commercial satellite images be evaluated?

(4) Can weather satellites detect and track targets of
interest”?

(5) Will commercial systems require cuing, and will
they provide cuing fFor other reconnaissance resources?

(6) Will a combination of several systems outperfarm a
single system?

(7) How good would an alternate system have to be
before it outperforms the best mix of available commercial
satellite imaging systems”?

(8) How much information on Canadian military activity
in the arctic will be available to commercial satellite

surveillance data custamers”?
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. Scope

imagery for any application involves the broad areas

The complete assessment of the value of satellite

i. discussed in the next chapter. However, analysis of all of
these areas for detection and tracking of targets in the
Canadian North is beyond the scape of this research.

%. Instead, this research concentrates on the development of
algorithms which calculate imaging systems’ probabilities of

detection and tracking targets of interest, on the system

wide optimization of these probabilities, and on the
validation of the algorithms which are developed.

This is an unclassified thesis. Representative, rather
than actual, targets will be used to analyze systems’

capabilities.

Assumptions

Simplifying assumptions may be necessary to complete
analytical calculations to determine systems' capabilities.

Also, although information could be made available to
the CAF from allied military reconnaissance sources, such
sources will not be considered as alternative collectian
optiaons. It is assumed that the CAF is conducting
unilateral operations, and for this reason foreign military

reconnaissance is either not requested or unavailable.




Research_Applications

Although the analysis presented in this thesis is
specific to the surveillance of Northern Canada, the
algorithms developed in this research could be applied to
determine the surveillance value of commercial satellite

images of any location.




I11. Current Literature

Organization

Many factors are involved in determining the military
value of images produced by commercial satellite systems.
The problem is that many of the factors are dependent upon
each other. For example, the quality of an image and its
price are directly related; the better the quality, the
higher the price.

To present a coherent picture of these factors, it is
helpful to break up this circle of dependencies and discuss
segments as if they were independent. In this way the
factors contributing to the military value of images
produced by commercial satellite systems can be discussed
under broad headings. Four such headings are:

(1) the quality of the image;

(2) the timeliness of the image;

(3) the cost of extracting useful information from the
image; and

(4) the availability of the image.

The Quality of the Image

The first major factor to consider in determining image
value is the gquality of the image. System capabilities are
commonly reported in terms of resolution. The problem is

that there are several types of resolution which can be




identified for satellite systems, and some of those have a
variety of measures avallable. As a result, "Users do not
understand the significance of resolution figures quoted,
and for many applications significantly overestimate
capability"” (B68:2). To be of practical value, figures given
should include the conditions under which the resolution was
achieved and can be expected in future. For example, a high
resolution system that is pointing at the ocean may naot
reveal very much, yet the systems capabilities are not at
fault. 1In contrast, the conditions can be chosen to show
the system’'s best capabilities.

A more structured approach to assessing a system's
capabilities is to break that system down into its
constituent parts and to handle the parts separately. This
sectioning accomplishes two things: it reduces the
complexity of the anmalysis to a manageable level, and it
highlights the actual conditions under which the system is
being assessed. In this regard remote sensing models
commanly consist of three elements: the scene model, or that
which is being looked at, the model representing the medium
through which electro-magnetic energy travels from the scene
to the sensor, and the sensor model (68:123).

Scene Madeling. The scene model is made up of the

description of the features within the field of view of a
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sensor. These features can be fully described by their
spatial, temporal, and spectral characteristics.

Spatial characteristics describe the physical
dimensions of features and where they are in the scene.
Colwell writes that the spatial composition of a scene can
range from simple to complex, and has vegetation, soil,
geological, hydrological, and geographical components
(18:81). Notuwithstanding this complexity, the scene should
be described as completely as passible since the actual
resolution achieved by a system is strongly scene dependent
(50:4).

The temporal characteristics of a scene describe how
the scene changes over time and are strongly research
dependent. For example, if remote sensing imagery is to be
used to map stable geological formations, the scene can be
characterized as displaying little change through time. In
contrast, using imagery to track drift ice involves a scene
that changes continuously through time. Colwell emphasizes
this point since the temporal characteristics of a scene
will determine whether one requires a single look at an
area, or whether images are required frequently (19:86).

The third set aof characteristics of a scene model
describes the spectral praoperties of features in the scene.
Spectral here refers to the electro-magnetic spectrum. In

effect the features within the field of view of the sensor

10
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reflect and emit radiant energy. They reflect energy
according to their reflectivity, and emit energy according
to their temperature and emissivity.

In addition to energy reflected and emitted by objects
in the scene, a third factor should be included during
spectral analysis, that of the transmitting medium which
lies betuween the scene and the sensor. Clearly this medium
is also in the field of view of the sensor. Therefore, its
reflectivity and emittance must be taken into consideration
(5:1264).

Atmospheric Modeling. The second element of a remote

sensing model represents the medium between the scene and
the sensor. For satellite remote sensors that medium is the
Earth’s atmosphere.

The atmosphere interacts with electro-magnetic
radiation in a variety of ways. However, the two most
impaortant of these interactions are scattering and
absaorpticon. These interactions are important since they do
not affect all wavelengths of radiation equally. For
example, "windows" exist fFor some wavelengths. These are
specific regions of the spectrum for which the atmosphere is
essentially transparent (11:34). On the other hand, there
are wavelengths that are strongly attenuated. As a result
the distance travelled through the atmosphere by the

electro-magnetic energy is important.
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In addition to accounting for scattering and
absorption, an atmospheric model should consider obscuring
phenomena such as clouds, and whether the obscuration is
rare or persistent (135:86).

Sensor Modeling. The third element of a remote sensing

maodel is the senscor model. Although imaging sensors on
board commercial satellites can be complex in design and
operation, they can nonetheless be placed into two general
design categories: radiometers, and synthetic aperture
radars. This First section of sensor modelling
considerations briefly explains the operating principles and
how resalutions are determined for each sensor category.

The second section shows trends in sensor systems. For a
review of current and planned sensor suites, see Appendix A.

Radiometers. A radiometer focuses radiant energy

from everything within its fField of view onto a detector
array. This "image" is then preserved directly on film or
is converted into a digital signal for subsequent
transmission to a receliving site. 1In the case of digital
signals, an image is produced by lining up the individual
picture elements, or pixels, a process which in effect
reconstructs the original scene, square by square (33:25).
If the detector array is film, the problem remains as
to how to transport the information contained on the film

back to the Earth. To do this, the film is either scanred

12




by a second sensor and the information converted into a
digital signal as described above, or a canister containing
the film is jettisoned from the satellite and recovered on
Earth.

diom r Resolution. Radiometer resolution is
described by Jensen as being characterized under faur
general headings: spectral, radiometric, temporal, and
spatial (41:4).

The spectral resolution of a radiometer identifies the
portions of the electro-magnetic spectrum to which the
instrument is sensitive. Commonly imaging radiometers are
sensitive to visible and near infrared radiation. Far
example, the High Resolution Visible (HRV) radiometers
operating on the SPOT satellite collect visible wavelength
radiation in four channels or bands, .5-.53 um, .61-.68 um,
.79-.89 um, and .S51~-.73 um (20:495). This defines the
spectral resaolution of the HRV.

The radiometric resolution of a sensor is its ability
to record many levels of brightness in its images (ll:224).
Although this concept can be applied to film it is more
important in systems that digitize their information for
transmission to Earth. In such systems, levels of
brightness are recorded as discrete values only. Depending
on the system there are typically 64, 188, or 256 values for

brightness available For each pixel. While 64 levels of

13




brightness may appear to limit the system only slightly,
this limitation nonetheless introduces errors in the image.

A system’'s temparal resolution is a measure of how
often it images a given area of interest (41:5). Full
discussion of temporal resolution is presented in the revieuw
of image timeliness.

The final measure of resolution, spatial resolution, is
both the most important for consideration and the most
complex for discussion. The complexity arisgs not in the
concept, since spatial resolution is basically a measure of
the smallest linear separation between two objects that can
be resclved (41:4). The complexity arises since there are
four different ways to determime and report spatial
resolution (B69:3).

While each of the four ways carries its own advantages
and disadvantages, they all share one limitation. That
limitation is that their ability to resolve agbjects is
calculated for objects that are equally intense and distinct
from the background. In fact a sgsteﬁ’s resolution is
maximized under such canditions. Under conditions of
moderate contrast, actual resolutions can be expected to be
considerably less (69:8).

One way to calculate spatial resolution is to consider
only the geometry of the system. By this methad, the

instantaneous field of view (IFOV) is determined by taking

14




the product of the range to the target and the detector
size, and dividing this product by the focal length of the

optics. This equation is shown below.

Rd
IFOV = —— L
£
Where IFOV = instantaneous field of vieuw
R = range to target surface
d = jndividual detector size
£ = Focal length

This calculates the nominal ground resolution cell, or
the area seen by a single detector in the array. If two
objects in the scene fall within a single ground resolution
cell, the sensor will record a single target, so the objects
will not be resolved.

The praoblem with IFQV calculations is that there are
several factors which degrade this ideal capability. Fusco
and Hsu have reported that actual Landsat Thematic Mapper
(TM) data spatial resolution is between 40 and 50 meters, in
contrast to the 30 meter IFOV (30:161). They attribute the
difference to non-sensor factors including gecmetric re-
sampling and atmaspheric effects. Watkins and Thormodsgard
report similar effective instantaneous fields of view
(EIFOV) and attrihute the degradation to the sensor optics.

However, they argue that correction for the optics can




restore the actual resolution to values very near those
predicted by the IFOV (71:225).

Again, contrast must be considered. The contrast ratio
is defined as the re io of maximum irradiance received in an
image to the minimum irradiance received (64:208). Jasani
reports that in a scene in which the contrast ratio is 2:1,
the actual spatial resolution achieved is approximately 2.0
to 2.4 times the IFOV. It is not until the contrast ratio
reaches 1000:1 that this factor is reduced to 1.4 times the
IFOV (39:100.

Synthetic Aperture Radar. In contrast to a

passive radiometer, which relies on detec-ion of electro-
magnetic radiatian originating from an external source,
synthetic aperture radars (S5AR) are active devices which
send out pulses of energy and build an image based on the
energy reflected from the scene. The advantage of a SAR is
that it can acquire surface imagery anytime of the day or
night irrespective of the surface solar irradiance or cloud
caver (26:B641).

The basic principles for SARs are similar to those aof
éonventional radars and directly affect SAR resclution.

SAR_Resglution. Radars determine the range to a

target by timing how long a pulse takes to return tao the
antenna. It is important to note that the pulse of energy

that is being sent out does not go out instantaneously, but ﬁ

16




requires time to send. As a result, a return received at a
time, T1, may be energy contained in the initial part of the
pulse that was reflected from a maximum range, energy
contained in the last part of the pulse that was reflected
by a nearby feature in the scene, or some combination of
time and distance in between these extremes. Thus the range
resolution is determined by the time it takes to send the
pulse, or pulse length of the outgoing signal. Equation 2
shows the relationship between pulse length and range

resolution (29:182).

c T
delta R = —m— (2)
c sin(@)

Where delta R = range resolution
c = gpeed of light

T = pulse length

2 = depression angle

The bearing to a target, aor azimuth, is determined by
recording the direction in which the antenna is pointing at
the time of the return of the energy. The praoblem is that
all of the energy that is sent out is not found on a line
drawn normal to the center of the antenna, hut is
distributed around that line. The better the concentration
of the energy, the finer is the beam, and the greater is the

azimuthal resolution of the radar.
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h Two things control a radar’s azimuthal resoclution: it
is directly proportional to the wavelength of the energy
sent out, and inversely proportional to the diameter of the

* radar antenna (33:29).

.7 S A
Ra = —mm (3D

width of the beam

slant range to the target
wavelength of radar
diameter of the antenna

To improve Ra, two options exist: to increase the size
of the antermna, or to decrease the wavelength of the radar.
There are practical limitations to each of these options
(33:30). However, it is possible to emulate the performance
of an antenna larger than the actual antenna. This is
accomplished by illuminating a target with more than aone
pulse of radar energy as the aircraft or spacecraft travels
along its track, and storing the amplitude and phase of the
returns from each pulse. These returns can then be combined
to provide azimuthal resolution equal to that achievable by
an antenna as long as the full path flown by the platform
while the target was being illuminated. In the limit this
resolution is not dependent upon range to the target

(33:30). This is true because aof the geaometry invaolved. As
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the range increases, the length of the synthetic aperture
also increases since the target will be illuminated soconer
and for a longer period of time. At its best the finest
azimuthal resolution of a SAR is half the length of the

actual aperture of the radar (33:30).

Ra = — (4)

Where Ra = azimuthal resolution
L = length of the actual radar aperture

This best resolution is nat always sought since it
maximizes the processing required for imaging, which in turn
decreases the number of images that can be acquired. In
practice only a portion of the available path is used.

Sensor Trends. The first important trend in sensors is

that there will be more commercial sensors flying in the
fFuture. By the mid-18390s images may be available fram eight
or more systems., Planned imaging satellites are described
in Appendix A, and shown in Figure 1.

A second important trend in sensors is that in spite of
speculation that higher resolution sensors will be employed
on platforms in the 1990s, published plans are to orbit
sensors with resolutions similar to those that are available

now. For example, Landsat reports a spatial resclution of
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Figure 1. Commercial Satellite Imaging Systems

30 meters for its thematic mapper. SPOT's radiometers yield
a 10 meter spatial resclution when operating in the
panchromatic, or across all color, mode. Sojuzkarta, the
Saviet Union’'s marketing agency for satellite acquired
images, boasts an average of S5 meter spatial resolution for
its highest resolution photographs (43:358).

A third important trend in sensors is that there will
be more SARs in the future. The first civilian SAR was
SEASAT, launched in 1878. Since then several SARs have been

flown on the shuttle. By the mid-13880s there may be three
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imaging SARs, one each on the Canadian radar satellite
(RADARSAT), the European Space Agency’'s Earth resources
satellite (ERS-2), and the follow-on to the Japanese Earth

resources satellite (JERS-1).

Summary of Image Quality

In summary, image quality depends an the scene, the
atmosphere, and the sensor. The variety of compaonents
contributing to the overall quality of the image is shown in

Figure 2.
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The Timeliness of the Image

The second major factor to be considered in determining
image utility is the timeliness with which the image is
received. Not surprisingly timeliness can be divided into
several parts: the time it takes a system to acquire the
image, the time it takes to relay that image to the Earth,
and the time it takes to process and deliver the image.

Image Acquisition. The time it takes a system to
acquire an image of a specific target depends on how quickly
the system can be tasked to provide the image, and on how
quickly the system can respond to the tasking and position a
gsensor within range of the target.

Tasking a system can take time, particularly if an
exchange of documents and contracts is required prior to
acceptance of the tasking. 0Once the tasking is accepted,
additional time may be needed to re-program the sensar.

System responsiveness to a tasking is determined by the
sensors on board and the orbit of the satellite.

Considering the sensors first, tﬁe primary feature which
governs responsiveness is whether the sensor is fixed or
able to be pointed. For example, the HRVs on SPOT can
collect data fram up to 27 degrees either side of the
satellite ground trace. This reduces the maximum time to

re—-visit a target from 26 to 5 days (20:43863.

23




- -

The satellite’s orbit is alsc impartant in assessing
responsiveness. Harris points out that there is a tradeoff
involved between therspatial and temporal resoclutions of a
system (33:43). This occurs since higher resolution for a
Fixed detector array requires a lower altitude. Selection
of a lower altitude means that the sensor will see a smaller
area, or swath, on each pass. If a smaller swath is
observed on each pass, it will take longer to image the
entire surface of interest, and in turn it will take longer
to re-visit a specific area.

Relay Time. The time it takes to relay the image to
Earth depends on the system strategy for that relay. Three
relay strategies are caommon: direct transmission, delayed
transmission, and hard copy recovery.

Direct transmission is paossible if the sensaor produces
a digital signal representing the image and is in range of
either a relay platform or a ground receiving station. The
delay introduced by this strategy is measured in fractions
of a second and is not significant overall.

Delayed transmission is used if the image can be stored
electronically and if the sensor is not in range of either a
ground station or a relay satellite. The delay introduced
by this strategy is measured in minutes since typical orbit

periods for imaging satellites are about 100 minutes.
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_ To recover a hard copy of the image on Earth is the
most time consuming strategy of the three. This involves
de-orbiting a Film canister and can introduce delays
% measured in months.
Processing Time. The time required to process data
depends on the information needed from it. Processing
h options and their costs are presented in the following

discussion.

Summary of Image Timeliness

The components that contribute to the time it takes to

receive an image are summarized in Figure 3.

Timeliness
| 1
Acquisition Relay Processing

_[

| i I ]

Tasking Response Transmit|] |De-orbit
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| 1
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Figure 3. Components Contributing to Image Timeliness
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The Cost of Extracting Useful Information from the Image

The third major factor to consider in determining image

utility is the cost of extracting useful. information from
the image. This section of the literature review defines
useful information, the data processing options that are
available to assist in information extraction, and the cost
in time and money of those data processing options.

Useful Information. The usefulness of information can

be determined by comparing the information available to that

required. As noted earlier, the information required is
determined by the specific mission. Here that mission is
surveillance.

Surveillance is defined in general terms as watch
keeping. For the military, to effect surveillance is to
detect, identify, and track objects of interest. As a
consequence of this definition, for information to have
surveillance value, it must contribute to the detecticn,
identification, or tracking of objects of interest.

Objects of Interest. Objects of interest are easily

defined. In writing on the requirements for real time
information, Allen points out that if information is needed
in real time, it must be because the situation is changing.
If the situation is changing, the objects of interest must
be moving. Based on this logic, he proffers a list of

targets which includes tanks, trucks, missiles, guns,
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troops, ships, boats, and aircraft (2:145). A similar
definition of objects of interest in the Canadian North has
been made by a Canadian Gavernment interdepartmental task
force. Their report defines fishing boats, survey parties
on land or ice, base camps on land or ice, drift stations on
ice, and all ships as objects of interest (14%:112-123).

Detection. The first task in survelillance is to find,
or detect an object of interest. Campbell defines detectiaon
as determining the presence ar absence of features (11:87).
However, this definition closely resembles the definition of
identification. To prevent confusion in this analysis,
detection is used to mean finding differences in the scene.
In contrast, identification is used toc mean determining what
caused those differences.

Finding differences in a scene can be approached in two
ways. The first way is to analyze a single scene to find
features that are distinct from the background. This is
detection based on the spatial characteristics of the scene.
The second way is to look for changes in two or more images
of the same scene taken at different times. This is change
detection based on the temporal characteristics of the scene
(41:234).

Detection may not be a straightforward task. Hord
writes that resclution and detection are not the same thing.

For example, a radar may detect an object much smaller than
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its ground resolution cell if the object reflects sufficient

) 1

energy back to the antenna (35:39). Similarly, a small
bright source may send out sufficient energy to raise the
overall response of a passive detector, and thus be #

detected. In each case, "sufficient energy"” is determined

by the amount of signal, or energy from the scene, and the

amount of the noise, which is the current generated in the
detector by everything but the scene being imaged. If the
signal-to-noise ratio is high enough, approximately 3:1 or
better, the target can be considered detectable (29:12).
Change detection invalves the comparison of two images
of a scene. This comparison can be made before or after
fFeature identification and classification have been done.
If a comparison is made before classification, two
techniques are comman: image differencing and image

ratioing. In image differencing, the first image is

subtracted from the second and a constant brightness is
added back in to accommodate negative values. In image
ratioing the brightness value for each pixel at time 1 is #
divided by its brightness value at time 2. For both of
these algorithms the interpreter must decide what the

threshold level is above which a pixel is considered ta have d
changed (t1:234-25%).

Identificatign. Although detectiaon aof an anomaly is an

important part of surveillance, the heart of the mission is

X
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identifying the cause of the anomaly. In civilian
applications the task of identifying features is referred to
as classification, and necessarily preceeds the counting,
measuring, and delineation of features (11:873). Very often
this is accomplished by investigating small portions of the
scene in situ, selecting typical objects which can be easily
located in the satellite image, and then comparing elements
in the image to the reference objects whose distribution of
characteristics is known (68:128). The other option is to
build a "Canopy" model based on radiative transfer theory.
Such models are usually validated by comparing predicted and
actual values of reflected and emitted radiation (68:130J.

The issue of resolution re-appears at this point. Some
authors argue that identification requires higher resclutian
than does detection (24:50). Others report that too high a
resolution can cause errors in classification if the IFCV
captures individual differernces within a population
(19:115). When this occurs some members of the population
could be classified incorrectly.

Although seemingly otherwise, these two approaches are
in agreement. This is true since authors interested in
small feature identification are united in their insistence
on the requirement for high resolution systems, while low
resaolution systems are supported by authors interested in

large scale land use classification studies. Coluwell
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confirms that selection of a high or low resolution system
depends on the specific study being conducted (13:1173.

Specific to small feature identification, it is
important to consider the interplay of resolution and
identification. Jasani provides a very good discussion and
illustration of this interplay (338:11-16). In short, the
better the resolution the mare specific the identification.

Jensen states that for identification the spatial
resolution of a system should be less than half the smallest
dimension of the feature. Even at that he cautions that
identification is not guaranteed if the feature has the same
spectral response as does its background (41:5).
Representative spatial resolutions required to detect and
identify common military targets are provided by Jasani and
are reproduced in Table 1. However, Dnyle cautions that the
origin of the numbers is unclear and the contrast conditions
in the scene unreported (24:50).

TIracking. To track an object is to maintain a record
of where that object has been. Although it is often given
as the third task in surveillance, tracking does not
necessarily follow identification. In Fact, tracking of
unidentified objects is a common occurrence in any
surveillance system, and often occupies the time hetween

detection and identification of the object.
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Table 1. Surveillance Resolution Required (meters)
-]

Gbjects Detectign Identification Cescription
Aircraft 4.6 1.5 0.15
Airports 6.0 4.6 c.3
Ports/Harbors 30.5 15.0 3.0
Bridges 6.0 4.6 0.8
Ships 7.6 4.6 0.3
Subs on Surface 30.5 6.0 0.8
Troops 8.0 2.0 0.3
Source:(39:15)

. _________________________________________________________________________________________]

Wwhether or not identification has occurred is important
since the tracking of identified and unidentified objects
can be considerably different. Tracking of identified
objects can be through pericdic contact with them, with the
frequency of contact depending on the importance of the
object and the object’s relative velocity in the scene. In
contrast, tracking of unidentified objects reguires contact
often encugh to ensure that the same object is being
detected each time a contact is made. Again, the object’s
velocity relative to the fixed elements in the scene will
affect the frequency of detectians required.

Data Processing. Having defined useful information,

the information on hand can he evaluated through comparison.
This is straightforward except for one thing; the

information on hand is not static--it can be processed to
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facilitate information extraction. For convenience,
processing is divided into three categories: pre-processing,
image enhancement, and image classificatian.

Pre-Progcessing. Pre-processing is also referred
to as image rectification and restoration, and is commonly
undertaken by the system prior to delivery of the image to
the customer. Pre-processing seeks to accomplish three
things: to correct for geometric distortions, to correct for
radiometric distortions, and to eliminate noise (48:611).

Geametric distortions in the image are the result of
both systematic and non-systematic effects. Systematic
effects include panoramic distortions, the distortion
introduced by the motion of the sensor as it passes over the
scene, and the distortion introduced by the motion of the
scene itself due to the rotation of the Earth. Systematic
distortions are uwell understood and predictable, and can be
corrected by using appropriate algorithms. In contrast,
non-systematic distortions, such as small changes in the
platform’'s altitude or attitﬁde (41:102), are not
predictable. However, non-systematic distortions can be
corrected by cross-referencing the image to well-known
ground paints (48:81%).

Radiometric distortions arise as a result of
differences in scene irradiation and errors in the sensor

operation (11:245). To correct for differences in scene
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irradiation, the relative position of the sun is determined
and the brightnesses recorded are adjusted or normalized in
each image acquifed. In contrast, sensor performance is
modelled radiometrically both before flight and during
Flight so that a standard correction can be applied toc all
images. Prior to launch, sensor performance is determined
by irradiating the detector array with a uniform light
source. The responses of individual detectors are recorded
and used to correct subsequent images. Similarly, during
flight, absolute calibration of sensors can he determined by
presenting a standard target to the sensor. For example, in
March 1886, the HRV cameras on SPOT-1 were aimed at a test
ground site at White Sands, New Mexico. Comparison of the
brightnesses recorded by the HRVs to those recorded by the
ground site and an helicopter borne radiaometer provided data
for absolute calibration (6:66-786).

Noise, as noted earlier, is false information that is
inserted into the image either by unwanted photons or by the
sensor's electronics. An important source of unwanted
photons is atmospheric scattering and absorption. An
approximation of these effects, and therefore correction for
them, is possible since near infrared radiation is not
strongly scattered or absorbed by the atmosphere (41:97).

In the sensor’'s electronics, although noise is random,

individual detectors may report characteristic levels of
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noise. A comparison of the responses of detectors and their
neighbors can identify individual differences (11:277).

Image Enhancement. The goal of image enhancement

is to increase the visual distinction between features in a
scene. Therefore, image enhancement carries with it the
implication that information extraction is to be campleted
manually, using the human eye as the final sensor. There
are four general techniques used to effect image
enhancement: contrast manipulation, spatial feature
manipulation, edge enhancement, and multi-imaging
manipulation.

Contrast manipulation involves the selective display of
only those pixels that have specific values of brightness.
Two examples of contrast manipulation are grey level
thresholding and level splicing. In grey level thresholding
the analyst specifies that only pixels having a brightness
value higher than a threshold value will be displayed. In
level splicing the analyst selects brightness groupings and
specifies that all pixels having brightness levels within
the group’s range will be displayed as having the same
brightness (48:627).

The spatial frequency of an image is definmed as "the
number of changes in brightness value per unit distance for
any particular part of the image" (41:138). [In spatial

Feature manipulation a filter is used to emphasize some
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features and de-emphasize others based on their frequency of
occurrence. For example, one low pass filter algorithm
averages the brightness values faor a three-by-three blaock of
pixels and replaces the center pixel brightness value with
that average. In contrast, a high pass filter subtracts the
low pass filtered brightness value from the original
brightness value. The effect is that low pass filters
preserve details which occur infrequently in the image but
reduce the display of high frequency features, while high
pass filters accomplish the opposite (4B:837).

The third general technique used in image enhancement
is edge enhancement. Edge enhancement gperations sharpen
the edges of some features by comparing neighboring pixels
and adjusting the brightness yalues in these pixels once a
threshold of difference has been reached (11:é82). The
threshold is specified by the analyst. This produces
greater contrast for the eye and can make features more
praoaminent and easier to analyze (41:144).

The last general technique for image enhancement
discussed here is multi-image manipulation. HMulti-image
manipulation does not involve comparison of twoc images of
the same scene taken at different times. [t refers to the
camparison of the simultaneous response of one spectral band
of the radiometer to another (48:650). This comparison is

made by dividing the brightness recarded in one band by that
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recorded in the other, pixel by pixel, throughout the image.
Thus the ratio of one band response to the other is
obtained. Although selection of the bands for comparison 1is
largely trial and error, ratioing has bheen useful in
reducing differences caused by topography, shadows, and
seasonal variations in surface irradiation (%41:1353.

Image Classification. Image classification, as

defined earlier, is the identification of features in a
scene. Automated image classification is the identification
of scene features using pattern recognition rules that
compare the features in a scene to a reference set of
spatial and spectral characteristics (48:688).

Cost. The extraction of useful information from an
image begins with receipt of the image and may require use
of the techniques described above. Clearly, once an image
has been processed sufficiently to allow for information
extraction, the processing need not be continued. At that
point the cost of the infarmation, in both momey and time,
can be determined.

The information cost in dollars is dependent upon bath
the specific system tasked to provide the image, and the
data processing techniques that may have been used to
extract the information. Taken together these costs should
be evaluated using normal standards of cost effectiveness

and in full consideration of the alternatives (15:47).
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The information cost in time is again system and
processing dependent. However, it is taking less and less
time tc nrocess images. In the extreme, five hours aof
operation of a SAR on a shuttle flight required one year of
analysis (40:14). In contrast, the ESA ERS-1 SAR plans to
be able to provide fast delivery data within three hours of
scene irradiation (25:537). HMoreover, Bernstein predicts
that near-real-time distribution of information will be
available in the future because of on-board processing

(7:74).

Summary

In summary, useful information is infarmation that is
needed to detect, identify, and track objects of interest.
Such information may be embedded in an image and require
further processing to be extracted. AQverall, the processing
of data contributes to its value but also increases both the
time required to extract the information and the cost. The
elements contributing to the caost of extracting information

are summarized in Figure 4.
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The Availability of the Image

v VI

"The passage of a satellite from the space above one

country to that above another requires no visa, and

technology has made obsoiete the concept of complete
national privacy" (54:35). However, there are many things
that could restrict the availability of images. Thus the
fourth major factor to consider in determining the utility
of images 1is the availability of those images.

First is the issue of national security. McElroy
writes that one reason for the early support of weather
satellite data was that their relatively coarse resolution
aroused no concerns about national security. However,
concern is increasing as resolution improves and systems
hecome good enough to monitor military formations and
movements (54%:35,38).

Second is the issue of access. Given that data has
been gathered and information extracted from it, who should
have access to this information? A resolution adopted by

the United Nations General Assembly in January, 1987,

provides guidelines for access that include the pramotion of
co-operation and mandatory passage of information to )
affected states in the case aof impending natural disasters. 1
However, the resolution does not address two situations of

concern to many develaoping nations: that information of

military or economic value could receive wide distribution
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(40:15), or that system access could be restricted due to

military allliances (54%:35).

Third is the issue of cost. Notwithstanding the
provisions of the United Nations resclution mentioned above,
which calls for availability at reasonable cost, it is
possible that only affluent nations will be able to afford
satellite-acquired remote sensing infarmation (54%:36J.

Fourth is the issue of denial. Denial of access to a
system’'s data could aoccur because of changes made
unilaterally by the owner, or through taotal shut down of a
system should it be economically inviable (5%:363. In
either situation, an investment such as a ground receiving
station could be rendered useless.

Fifth is the issue af risk to the sensor. Sloup notes
that since the military reconnaissance satellites us=d by
the superpowers are considerably more powerful than are
current remote sensing satellites, that superpower interest
will likely be in keeping track of what others learn through

such data (b6:80). Given the inherent vulrnerability of

satellite sensors (67:58), and given that laser interference
with satellites is possible and may have already occurred
(10:281), intentional dazzling of commercial imaging

satellites is possible.

—

Sixth is the issue of how many of the projected systems

will actually be launched. Jasani and Creasey state that

40

L = 0w




current data processing and telecommunications markets are
barely sufficient to support the cost of the current range
of products (40:15). Future systems that will rely on
commercial income may not find a market.

Seventh is the issue of legalities. Slaup notes that
customary law has established that space reconnaissance is
legal as long as it relates to self-defense (66:73).
However, several authors suggest that while this is true of
passive sensors, there is an element of intrusion invaolved
in active sensors and that thig‘issue has yet to be resolved
(61:25, S4:38).

Eighth is the issue of delay, for it may be sufficient
to delay pravisicn of information to invalidate it. “For

perishable data, delay is as bad as denial" (5%:35).

Summary
The issues contributing to the availability of

satellite images are summarized in Figure S.
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II. Methodology

The review of current literature shows the many
components involved in the evaluation of remote sensing
imagery. Although an in-depth analysis of all of these
areas is necessary to fully evaluate satellite imagery, it
is not possible in the time available toc complete this
research. For this reason, this analysis is limited to the
evaluation of commercial satellite systems’ abilities to

detect and track objects of interest.

Sensgor Performance Evaluation

The first question to resolve is whether a sensor can
distinguish an aobject of interest fraom its background.
Thus, Chapter IV develops a method to determine the

probability that a sensor will detect a target.

Algorithm Development

The second question to resolve is how does the sensor
compare to others that are available. Since all the systems
sell their infaormation, the evaluation of their relative
worth is based on the information they can pravide and on
the cost of that infaormation. Thus, Chapter V develops
algorithms to compare systems’ costs and information
performances and identifies techniques to select the best

mix of sensors From those that are available.

43

Al




Analgsis

The third question to resolve is whether the algorithms

that are developed are valid. Although the quality of any

analysis depends on how good the database is, developing

actual models using representative targets is a way to
investigate the face validity of the algorithms proposed in
Chapter V. Therefore, Chapter VI tests the optimization

algorithms by building example analyses.
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I1V. Sensor Performance Evaluation

General

Whether a sensor distinguishes a target from its
background depends on tha sensor, the target, and the
background. In simple terms, it is all a matter of energy
since it is the collection of the energy which elicits the
response (signal) from the sensor. Current satellite-borne
sensors distinguish a target from its background, or detect
a target, by collecting the visible wavelength energy that
the target reflects, or by collecting the infrared
wavelength energy that the target emits. Since reflection
and emission are different phenaomena, separate analysis is
required to determine target detection probabilities for
visible and thermal wavelength sensors.

Each evaluation of sensor performance begins with
analysis of the sensor under ideal conditions. Ideal
conditions means that the target is fully in view of a
single detector in the sensor’s detector array. Additional
complexity is added to the analysis once the ideal case has
been completed.

Although visible and thermal wavelength sensars are
different, they share several performance degrading

phenomena. For example, both are prevented from imaging a

target on the ground if there are clouds in the target area.
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Since this is true, a single discussion of how cloud ccver
is accounted for in an analysis is enough. For this reason
the discussion of common degrading phenamena is presented
after that which describes the evaluation of sensors under
ideal conditions, and only once.

In short, the topics covered in this chapter are:

(1) Visible Sensor Analysis -- Ideal Conditions;

(2) Thermal Sensor Analysis -- Ideal Conditions;

(3) Ngn-Ideal Considerations; and

(4) Obscuring Phenaomena.

Visible Sensor Analysis - Ideal Conditions

Visible sensors are sensitive to radiation in the
visible wavelength band, which is approximately .% ~-.7 um.
Assuming that the target itself is not a source of visible
light, detection of a target depends on the collection of
solar energy reflected by the target. Since the target and
its background receive the same solar irradiance, they will
reflect different amounts of energy to the sensor if their
reflectances are different. If this difference is large
enough, the target is detected.

An implicit definition has been made here which is
important for the remainder of this analysis. It is that
"detection” is used to mean the distinction of the target

from its background in the spatial domain,
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One measure of a visible wavelength sensor's
sensitivity is its noise equivalent reflectance difference,
or NERD. This is the difference between the target and

background reflectances which is just detectable given the

target entirely fills a ground resolution cell, the target
and background cells are receiving equal irradiance, and
i there is no atmospheric attenuation between the scene and
the sensor. The NERD corresponds to a signal-tao-noise ratio
of 1 under conditions of minimum scene irradiance (62:405).
ki Detection depends on target size and reflectance
difference with respect to the background. A target which
is at least as large as the sensor’s ground resolution cell,
and having a reflectance difference of the sensor's NERD or
more will be detected under ideal conditions. Similarly, a
smaller target having a large enough reflectance difference
will also be detected. The threshold for detection is that
combination of target size and reflectance difference which
Just corresponds to the sensor’s NERD.

The relationship for threshold detection is. geometric
and is derived by comparing a ground cell that contains a
target to ane that does not.

In Figure 6 the total energy per second, or power,
reflected fram cell A is the product of the solar

irradiance, the background reflectance, and the cell area.
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Figure 6. Ground Cells for Comparison

aa = ESRbAc P
Where ua = power reflected from cell A
ES = spolar irradiance
Rb = background reflectance
A, = area of ground resolution cell

The total power reflected from cell B is:

Where mb = power reflected from cell B
A, = area of background not abscured by
target
Rt = target reflectance
At = target area
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Detection occurs when the absolute value of ma - nb

exceeds the threshold as specified by the NERD, or when:

R.,AL + R A
£t bb R 2 NERD (7>

Ac

Where NERD = noise equivalent reflectance difference

In the limiting case, threshold detection accurs when
the left side aof equation 7 is equal to the NERD. When this
is true the minimum target area which results in detection
can be expressed as a function of the reflectance betuween
the target and the background.

A_ NERD
< ‘ (8)

R, - R

t b

This general relationship still assumes a clear
atmosphere. In fact, the atmosphere attenuates saome af the
power reflected by the scene. This has the effect of
reducing the effective sensitivity of the sensor. That is,
the effective NERD to be used is:

NERD
(9

ENERD =

Ta

Where ENERD = Effective NERD

Ty T atmospheric transmission
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Combining equations B and 9, the target size for

thraeshold detection is given by:

Ao NERD

A, = 10>
(Rt - Rb) T

Using this relationship threshold detection curves can
be plotted. A typical plot is shown in Figure 7. Targets
falling above the threshold detection lime will be detected;

those falling below will not.
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Figure 7. Generic Threshold Detection Curve
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This analysis makes assumptions. They are:

(1) Backgrounds and targets are Lambertian;

—

(2) Background and target reflectances are
uniform throughout the bandpass of the sensor;

(3) Atmospheric transmission is uniform across

the bandpass of the sensor;

(4) Sensor response is linear throughout the
bandpass of the sensor;

(5) The target is not moving with respect to
the background; and

(6) The target falls in a single ground

resolutian cell.

Thermal Sensor Analysis - Ideal Conditions

Thermal detection of targets depends not an the energy
reflected by a target but by the energy emitted by the
target. Every object warmer than O0°*K radiates energy. The
amount of energy radiated is not uniform across all
wavelengths and is a function of its temperatufe. For a
blackbody the energy each second, or power, per sgquare meter
per unit wavelength interval radiated is given by the Planck
function (29:7).

3.74 x 108 W

MyC(A, T = S m 711>
AMlexp{l.44 x 10°/AT2? - 1) m- um

Where A = wavelength in um
T = temperature (°K)
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The power emitted by an object is distributed across
all wavelengths. Figure 8 shows the spectral blackbody

power per sgquare meter, or exitance, as a function of

g 10 TN

S [\

s [\

S AN
/A

Wave length (micrometers)

Figure 8. Blackbody Exitance Curves for Objects
at 300°K (top) and 250°K (bottom)

wavelength for two objects, one at 300°K, and cne at 250°K.
Since exitance is wavelength dependent, and since a

sensor responds unly to a portion of the electro-magnetic

spectrum, the power output in a specific spectral bandpass

is required for analysis. This is calculated by

Se
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integrating the Planck function over the wavelength interval
for which the sensor is sensitive.
V]

MCTY = [ M, CA,T) da (12>
AL

The total power emitted by an object in a specific

bandpass is then:

8, = NCTIEA, (13>

Where € = object emissivity

A, = surface area of the object

Given that the sensor response is linear, a ground cell
containing a target will be detected (that is, register a
different output current) if the sensor receives a
sufficiently different amount of power from that cell as
compared to a cell in which no target is located. O0One
measure of how much power is sufficient for detection refers
to the socurce of the power difference, temperature, and is
the noise equivalent temperature difference, or NETD. This
is the minimum temperature difference between cells which is
Just detectable by a sensor, given that the cells are at a
uniform temperature and the background or reference
temperature is a specific value. For example, the Landsat S
TM thermal band is reported to have a NETD of .S*K at 300°K

background temperature (64%:4388).
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One problem in using the NETD as a measure of sensor
sensitivity is that the conversion to sensor sensitivity for
other background temperatures is not direct. However, the
approximate NETD for aother background temperatures can he
derived based on the elements which contribute to the
signal-to~noise ratio.

In general the signal to naoise ratio for a sensor
operating in the linear response portion of its response
curve is determined by considering the arrival rate of
photons at the focal plane, and on the sensar’'s electronics.

Signal ocutput from the sensor is dependent upon the

arrival of photons. The relationship is (29:2253:

is = (# photons/unit time)K1 Cl4)
Where iS = signal current
# photons = number of photons incident
K1 = constant (charge per electron times
the quantum efficiency of the
detector)

Detector naoise results from inherent detector
characteristics such as sampling rate noise, dark current,
and shot noise. Dark current is the current which flows in
the detector when its field of view is dark. Shot naoise is
associated with the random arrival of photons. In

simplified form detector noise is given by equation 15.
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i, = C(shat noise)® + 3 call other sources>®1'5  (15)
Where i, = noise current
Shot noise is calculated by:
i - [Ci_ e)/rl*> (16)
shot m
Where i, = average signal
e = charge on one electran
T = detector integration time
Combining these equations:
»*
S (# photons )K1
_ = - > 5 5 17>
N L((# photons )Kle/f) + (other sources) 1°

* per unit time

As a result aof this relationship S/N behaves
differently as a function of the arrival rate of photons.
If few photons are received, then the total noise is
dominated by other sources and shot noise can be discarded
from analysis. Conversely, if many photons are received
shot noise dominates and other sources of noise can be
discarded from analysis.

This gives rise to three distinct portions of the S/N
verses number of incident photons curve. Below a specific

arrival rate, the curve is linear. This is the portiaon in
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which shot noise can be discarded and total noise is
effectively constant. Above a specific arrival rate, shot
noise dominates and S/N increases as the square root of the
arrival rate. Between these tails, shot and inherent noise
are important. This relationship is shown in Figure 9. In

the figure, area 1 is the region which behaves linearly.
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# Photons (Thousands)

Figure 3. Representative Signal to Noise Curve

As noted earlier, NETODs are reported for a specific
temperature, one which is in the linear response portion of

the curve. For the thermal sensor, this temperature
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corresponds to a specific number of incident photons. As
shown in Figure 39, arrival of fewer photons than the number
equivalent to the NETD should result in a linear response by
the sensor. In this region of sensor response (area 1)
inherent noise daominates and can be assumed to be reasonably
constant. Since the noise is approximately constant, and
since the NETD identifies threshold S/N for detection, the
signal required for threshold detection remains
approximately constant in this regiaon.

From the previous discussion, NETD can be considered in
terms of numbers of photons. [t can also represent a
specific power difference. That is, an NETD of 2°K @ 200°K
is equivalient to:

NEPD

§(302°K3 - @8(300°K)> 187

Where NEPD noise equivalent power difference

§(302°K) power received in sensor bandpass
from object filling the field of
view at 302°K

@(300°K) = power received in sensor bandpass

from object fFilling the field of
view at 300°K
In the linear response portion of the curve, when
referencing a background cell that is at a lower témperature
than the NETD, if the power difference between two cells
differs by more than the NEPO, the sensor will register a
different response. If that difference is caused by the

target, then the sensor bhas detected the target.
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Using the NEPD derived above it is possible to generate
threshold detection curves For thermal sensors. As in the
derivation of visible wavelength sensor detection curves,
the analysis begins by considering two ground cells, one
that contains a target and one that does not. This is shown

in Figure 10.

Figure 10. Ground Cells for Comparison

The power emitted in the sensor bandpass by cell A is:

0, = Nb(Tb)Acéb €190

Where Mb(Tb) = gpectral exitance for the cell at
temperature T, in the senscor bandpass
area of the cell

emissivity of the background

Ac

€y

won
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The power emitted in the sensor bandpass by cell B is:

IB - Nt(Tt)Ath + Nb(Tb)Aer 203

Where Ht(Tt) spectral exitance for the target at
temperature T, in the sensor bandpass
At = area of the target

Gt emissivity of the background

Ar area of background not obscured by the

target

Detection occurs when the absolute value of lA - QB is

greater than or equal to the NEPD, or:
mb(Tb)Aceb - MLoCTOAL€ - Mb(Tb)Areb > NEPD (21’
The target size for threshold detection is:

NEPD
A

N (22>

| M(Tyr€, - M CTo€
Again the atmospheric attenuation must be considered.

NEPD
ENEPO =

23)

Ta

Where ENEPD

Ta

effective NEPD
atmospheric transmissiaon

[/ |

Therefore threshold detection is calculated using:

NEPD/'ra

Ay ~ (24)
Nb(Tb)Gb - l"lt(Tt)Gt _I#

]
]
]
i
4
i
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Using this relationship, threshold detection curves as
a function aof target exitance can be plotted. 0Once again a
combination of target size and exitance which falls below
the threshold line will mean that the sensor will not see
the target against the background. However, unlike the
curves plotted for the visible wavelength sensors, thermal
threshold detection curves are both sensor and situation
specific and cannot be generalized for all targets in all
situations. For example, the emissivity of the target will
shift the curve up or down the exitance axis. This is shown
in Figure 11 in which the detection curves for three target
emissivities are plotted. Because of this variability,
thermal detection curves apply only for the situation for

which they were generated.

Non-Ideal Considerations

The detection curves develaped to this point are valid
For targets which are completely contained in a single

ground resolution cell. However, a target may fall in the

junction of several cells. When this happens, a target
which is larger than the threshold detection size may not be
detected since it could present a small enough profile to
each individual detector to escape detection. ‘*

In the extreme case, a target could be equally shared

by four ground resclution cells. 1In this situation, the
minimum actual target size needed to guarantee threshold ‘!1
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Figure 11. Thresheld Detection Curves for Several
Target Emissivities

detection is four times the size of the target under ideal
conditions.

A second complication is encountered when there are
gaps between detectors in the focal plane of the sensor as L
shown in Figure 12. Again the effect is to increase the

size of the target which would always trigger detection.

The actual target size for threshold detection in all cases %

is calculated using equation 25.

61

.. &




Figure 12. Target QOverlapping Gaps in Detector Array

.5

- .S
A 4A,; + 2XCA + BYC(AL; 2 + XY (25)

th ti’

Where Ath = target size for threshold detection
Ati = target size for threshald detection under
ideal conditions
X,Y = gaps between detectors
Finally it is possible that a sensor could detect a
target under ideal conditions, but will not if the target
overlaps several pixels. Detection of the target now
becomes stochastic. The probability that the target will be
detected can be approximated by considering the size of the
target and the size of the threshold detection target.
The probability of detecting the target is one if

enough aof the target falls in the active sensing porticon of

a single detector in the detector array. The probability

e




that enough of the target will fall in the active portion of

the detector is calculated geometrically.
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Figure 13. General Detection Probability Geometry

Consider Figure 13. For the target to be detected the
center of the target must fall within the active area of the
detector. If the target falls on the edges of the detector
or the gaps between detectors such that the target area

remaining on the active detector is less than the threshold
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target size for detection, the target is not detected. In
that the center of the target is equally likely to fall
anywhere in the detector array, the probability that the
target will be detected is the area that would result in

detection divided by the total area.

A
det
Pdet _— (es)

Atot

Where Pdet = probability of detection
Adet = area which results in detection
Atot = area total

The total area in which the center of a target could
fall is the size of a single detector plus half the area of
the gaps which surround individual detectors. Considering
square detectors with equal gaps on all sides, the total

area 1is:

- e I
Atot CW+d> L2773

Where W = length of ane side of detector
d = gap between detectors

Again the geometry is used to solve the area in which

the target will be detected. In Figure 14:

(1> X is the center point of the gaps in the detector
array;

(2) 2 is the center of the target which could lie
anywhere alang the diagonal line; and

(3) a is the dimension of one side of the area of the
target which lies on the active portiaon of the
detector.
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Figure 14. Target Gap Overlap and Detection Probability

From this (b+c) is equal to half the gap between detectors.
For detection, the area remaining in view of the detector

a) must equal or exceed the threshold detection size under

(a
ideal conditians (Ati). Alsao, the target size is equal to

four times the square of size (a+b)e. Solving for b:

CYSRE .
b = —— = (A, (28>
i
[
The area in which the center of the target may fall and *

still result in detection is then: ]

- 2
Adet = (W+2b) 29’

i
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ObscuringrPhenomena

Having considered the internal complications which
occur because of the physical laycut of the detector array,
it is time to consider complicating factors which are
outside the sensor. Such factors have the effect of
obscuring the sensor. In general two major types of
obscuring phenomena are found in the Canadian arctic:
darkness and cloud cover.

Darkness. Darkness is predictable and is a function of
latitude and time of year. Of interest are the local
sidereal times that the sun rises and sets at a given
latitude. Since the orbits for imaging satellites are sun-
synchronous, they overfly the same latitude at the same
local sidereal time each pass (only the longitude changes).
As a result the time when the satellite is overhead a given
latitude is predictable. If the satellite is overhead
during darkness, and if the sensors on board require
sunlight for target irradiation, the abscuration by darkness
is complete and the probability of detection is reduced to
zero. 0On the other hand, if the satellite flies over the
target while the target is being irradiated by the sun the
obscuration by darkness is zerao.

Although there are times when the sun has risen but is
not yet high enough in the sky to provide enough irradiation

of the ground for imaging, this analysis assumes there is no
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middle ground. If the sun is up the target can be imaged.

Therefore the irradiation factor, can only take on the

Ifac:'
values zero or one.

The time of sunrise and sunset is determined by
considering the right ascension and declination of the sun,

and the latitude of the observer (4:A12). The formula is:

LST = .99727{x + cos l(-tan@ tanw)? (30)

local sidereal time
right ascension
latitude of abservation
declination

Where LST

a2
0

Tahle 2. Local Sidereal Times fFor Sunrise and Sunset
|

B60°N 70°N 80°N

Rise Set Rise Set Rise Set
Jan 23 0835 1548 10468 1337 /1777 1777
Feb 22 0721 1707 0805 1624 [117 17/
Mar 23 0553 1822 0545 1830 [ /mm mm )y
Apr 22 o423 1935 0320 2040 R mmEw
nag aa 0307 aol-ta L L 2 X 3 [ 2 X X J L X 2] L 2 X X J
Jun 81 0235 Elaa 2 2 X ) L 2 X X L 2 X X 3 t 2 X X 3
JUl 81 0315 EOSS L2 X T ] L2 2 2 LE 2 2 J L L X X ]
Aug 23 0433 13930 0335 2027 EAME MR,
Sep ec2 0544 1800 0540 1803 [/%m mmyy
Oct 22 0657 1631 c744 1544 /0 f s
Nov 21 0813 1519 1036 1256 /1777 1177
Dec 21 0802 1454 /777 /777 /1777 /777

//// - 24 hour darkness
®xaxx — P4 hpour sunshine
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The times of local sidereal sunrises and sunsets are
published annually in the Astronomical Almanac. Although
there 1s some variation, the approximate time of sunrise for
a given date at a given latitude is the same year to year.
For this reason, it is reasonable to use the almanac’s times
of sunrise and sunset throughout the analysis periad.
However, the almanac only provides times for latitudes up to
and including 66°N. To determine local sidereal times for
sunrisé and sunset at latitudes not listed in the almanac,
the formula shown in equation 30 was used. The times for
sunrise and sunset are given in Table 2.

Determination of the local sidereal time of satellite
passage aver a given latitude requires orbital analysis.
Since an imaging satellite fFlies in a circular orbit, its
ground speed is constant throughout its orbit. If the arbit
is inclined at 8S0°, the time taken to travel between any two

latitudes is calculated using equation 31.

Tiat = ((B1-B2)/3600T (31)

Where Tlat

?1,&
per

time to travel between the latitudes
first, second latitude
orbital period of the satellite

A satellite in an orbit at any other inclination has

more ground to cover before it reaches the latitude of
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interest. This distance is calculated by considering both
the latitude of interest and the orbit inclination. Since
the satellite’s ground speed is constant, the time to travel

between the equator and the latitude of interest becomes:

per
360°

sin(Lat) T
(32>

Tlat = sin—l { . .
sin(i)

Where Lat = latitude of interest

Having worked ocut the time for passage between the
equator and a given latitude, the local sidereal time the
satellite passes over this latitude is its equatarial
crossing plus or minus the transit time. The p.us or minus
is assigned depending on whether the satellite is ascending
or descending at time of equatorial crossing.

Armed with the local sidereal times for sunrise,
sunset, and satellite passage overhead, the rule far

assigning the irradiatiaon factor is:

IFac = ] If tsr < tpass < tSS (33
Ifac =0 Otherwise
Where tsr = time of sunrise
t = time of satellite passage
pass .
tSS = time of sunset
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I Cloud Cover. In cantrast to the predicctability of

T

darkness, analysis of the second obscuring phenomenaon,

clouds, is stochastic. For those sensors which will suffer

k obscuration, the obscuration is taken to be complete when
clouds are present. Therefore, the information needed is
the probability that there will be cloud cover in the target
L area. 0Once this is found, the probability of getting an
image of the target area considering the cloud cover is
given in equatian 34.

p (3%)

obscl - ¢17Peicua’

Where P = probability of ohservation considering
obscl
clouds
Poioud = Probability of cloud cover
Conclusion

In summary this analysis shows that the overall
probability of detecting a target, given that it is in the

field of view, is the sensor’'s detection capability under

ideal conditions modified to include the complications aof

array geometry and external obscurations.

The obscuring phenocmena of interest for visible ‘
wavelength sensors are clouds and darkness. Thus for

visible wavelength sensors, the expression far Pdet*' which
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is the probability of detection in a single image

considering aobscuring phenomena, is:

Pget* = Paetlrac1 Pcioud’ (33)
The obscuring phenomenon of interest for thermal
sensors is cloud cover. Thus for thermal sensors the
expression for Pdet* is given by:
(36)

Pget* = Pdet 1 Pcioud’
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V. Algorithm Development

General

The second gquestion to resolve is how a sensor compares
to the other sensors which are available. Although
individual comparisons are interesting, it is more important
to be able to compare all the sensors in terms of their
contribution to the mission at hand. Conceptually there is
a system of commercial sensors. The goal of this chapter is
to develop the rules fFor optimization of the system’'s
performance through selection of the sensor or mix of
sensors which provides the greatest mission accomplishment.

Sensor comparisons are based on the individual sensor
detection capabilities as discussed in Chapter V. However,
the previous chapter only shows how a single sensor’'s
prabability of target detection can be calculated given that
the target is in the field of view of the sensor. How
likely is the target to be in the field of view? The answer
is that it depends on the mission and on the sensor. For
this reason this chapter builds mission specific algorithms

thatl are used to assess the system nerformance.

Detection

The Ficrst mission in surveillance is detection.

However, detection itself can be broken into two distinct
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missions. The first mission is cued detection. Can the
system of available sensors detect a target given the system
knows where to look? Information from a source suggests
that a target may be at a location. The measure of
perfaormance for cued d=tection is the probability that the
system will image the target and confirm or deny its
presence. The second mission is non-cued detection. Can
the system detect a target if it does not know where to
look? In non-cued detection, the system is tested as a wide
arega surveillance toocl. The measure of performance for non-
cued detection is the probability that the system will
detect a target given that the target is in the area of
interest but the location is unknown.

Phenomenolaogically cued detection is a subset of non-
cued detection. Thus, non-cued detection is the more

demanding of the two detectiaon missions. For this reason

the algorithm to calculate the praobability that the system
will detect a target under non-cued conditions is developed

first.

Non-Cued Detection Algorithm -- Stationary Targets

In general, non-cued detection is pursued over an

extended period of time during which many images of the 4
total area of interest could be acquired. Given that the
images that are acquired do not overlap and that the target

is not maoving, the probability of detecting the presence of q
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a target in the area of interest depends on the probability
i that the target will be detected in a single image, the size

of one image as compared to the total area in which the

target could be, and on the number of images acquired. The

relationship for a given sensor is given in equation 37.

PéZt* probability of detection in single

image
total area of interest

p AoneNimFdet* €37)
dot A
int
Where Pdot = probability of detection over time
Aone = area of a single image
N = number of images acquired

>
1

int

The number of images that are acquired will depend an

the time the target remains in the area of interest.

Nim = NutTtav (385
Where Nut = # images taken per unit time
Ttav = time target is in the area

Also the maximum number of images taken in a given unit

of time will be constrained by the cost of the images, or:

Nut = C £39)
si
Where Bg = budget per unit time )
Cgy = cost of a single image %
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Folding equations 37, 38 and 38 together yields a
general expression for the probability of detectiaon aver
time of stationary targets given that all images acquired

are non-gverlapping.

AoneBSTtadeet*
dot A C
int=si
Optimization Nan-Cued Detection -- Stationary Targets

Equation 37 gives the probability of non-cued detection
of stationary targets for individual sensors. To identify
the best sensor or sensors to use in a given situation
requires an optimization methodology.

For convenience, equation 37 can be rewritten in the

general form:
Paot = NimPaot1 (412

Where Aonepdet*

P
dotl A

int

If there is more than one sensor available, the
expression for overall prabability of detection is the
linear combination of each sensor’s individual Pdotl times
the number of images acquired from that sensor. This

combinatiaon is given in equation 42.
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Pasys 'égi(Nim)i(Pdotl)i

4a)

Where Pds = pverall probability of detection
ys .
n = number of sensors available
(Nim)i = number of images acquired from

sensor i
(Pdotl)i = probability of detgction in a single
image fFrom sensor i

Equation 42 is counter-intuitive. However, this result
is important and must be accepted for the subsequent
analysis to have any merit. By way of example, consider the
situation of a checkerboard with a single checker placed on
a square at random. A player is blindfalded and given the
task of finding the checker. He searches for the checker by
asking that a third party look at a number of specific
squares and tell him if the checker is in any of the
squares. The restriction on the number of squares a player
may choose is that each request costs him money and he has
only a restricted budget available. The last rule is that
the checker is rot moved during the game so that revisiting
a square does the player no good. The game begins.

The task of Finding a stationary target using satellite
imagery of an area of interest is the checkerboard game
scaled up to the dimensions of the area of interest. The
total areas of interest are the B4 squares of the
checkerboard and the 7,000,000 square kilometers in Narthern

Canada. Picking one square is analagous to contracting for
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one image. The probability of finding the checker is ane
(1) given the player request that the square holding the
checker be looked at. The probability that the player will
request the correct square is N/b4% where N is the number of
requests made at the start of the game. Thus the
probability of finding the checker increases linearly with
the number of trials taken. Similarly the probability of
finding a stationary target in Northern Canada increases
linearly with the number of images contracted. In each case
the probability of success is maximized at the point that
all B4 squares are chosen gr all the territory is imaged.
Beyond this point both the analogy and the analysis break
down. Therefore, for the linear analysis which follows to
be valid, the restriction of non-overlapping images must be
honored.

The first constraint on Pdsgs is that there is an upper
limit to the number of images that can be acquired as
canstrained by the available budget. That is:

n
Bg Z.Elcimim’i (43

Where C.l = cost of one image from sensor i

The second constraint limits the number of images that
can be provided by the sensors. Since the sensors are

restricted to providing non-overlapping images, once the
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h entire area of interest has been imaged further acquisition

is terminated. This constraint takes the form:

b Aot 22Njp?iAgna?y (44)

A wWhere (A D)

one’i ~ area of one image taken by sensor i

The third canstraint is actually a family of
constraints; those that restrict the maximum number of
images that can be acquired from a specific sensor in a’

specific period of time. These constraints take the form:

0 ¢ (N, J. < K, 45)

Where Ki = maximum number of images that can be
acquired from sensor i in the period

The fourth canstraint requires explanation. The goal
of non-cued detection of stationary targets is to achieve a
uniform probability of detecting targets throughout the
entire area of interest. However, the area of interest is
not uniform. The non-uniformity occurs since there are
regions within the area of interest that are more easily
imaged than others because of darkness and a difference in
the probability of cloud cover. As the model stands now any
optimization methodology would select areas to imagc that

would return the highest individual Pdet* at the expense of
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coverage of lower Pdet* areas. To enforce a uniform
probability of detection throughout the area of interest,
areas of common obscuration phenomena must be identified,
and constraints added which specify that each unique area
must achieve the same Pdsgs'

Having built the expression to be maximized, and
having identified the series of constraints which must be
met, the task of optimizing the selection of sensars
remains. One method which will solve the combination of
equations above is linear programming (43:72). This can be
accomplished using equation 42 as the objective function to
be maximized and equations 43, 44, and 45 plus those
specifying equal Pdsgs for each unique area as the
constraints. This yields the maximum probability of
detection given a specified budget. A second option is to
specify a minimum acceptable Pdsgs for equation 42 and write
the linear program using equation 43 as the objective
Function to be minimized. This would solve for the minimum

cost to achieve a constrained probability of detection.

A problem arises in that the value for Pdotl changes as
a function of the time of year, type of target, and locatiaon
of the target. Because of this, care must be taken to
explicitly define what is to be maximized. In its largest ﬁ
scale the analysis could produce a maximum probability of

detection of all target types located in all possible ]
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locations throughout the entire year. Analysis at this
scale is impractical if the numbers of sensors, target
types, locations, and distinct times of year are large. In
such a situation either simplifying assumptions are
required, or subsets of the large linear programme can be
analyzed.

In using these algorithms, one final caveat is
appropriate. The situation could arise that complete
imaging of an area results in a praobability of target
detection below that specified by operational requirements.
For the system to yield a higher probability of detection,
multiple imaging of the area of interest would be required.
That is, sensors would have to be tasked to image areas more
than ance. This would have the effect of increasing the
probability of detection for those areas that were imaged
more than once. fMultiple imaging of areas is discussed in

the next section of this chapter.

Non-Cued Detection Algorithm -- Moving Targets

If a target is moving in relation to the background,
acquiring an image of a specific ground cell at time tl does
not absolve the detection system from having to re-image
that area at any other time in order to see what is there.
The praobability of detecting the presence of a target in the
area of interest again depends upon the probability that the

target will be detected in a single image and upon the
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number of images acquired. However, in contrast to the case
of stationary targets, the relationship between the number
of images acquired and the overall probability of detection
is not linear.

The first case to consider is the situation where a
single sensor is tasked to provide multiple images of the
area of interest. Such a situation would occur if the
sensor performance in detecting a specific target was
dominant in relation to other available sensors. Defining a
detection to be a success, the probability of success
(detection) in a single image is Pdotl' Then the
probability of X successes in N trials (images acquired) is
binamially distributed (21:98). For example, the
probability of at least one success as a functian of the
number of trials using a probability of success of .1 is

shown in Figure 15.
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Figure 15. Probability of Detecticon vs Number of Trials
for P(Success)=.1

The second case to consider is the situation where a
variety of sensors are used to provide an image of the area
of interest. 0One method to calculate the combined
probability of detection is by buiding a probability tree
based on the individual sensor's probability of target
detection for a single image, Pdotl'

Two hypothetical sensars can illustrate this procedure.
Given their respective Pdotls are .7 and .6, the probability
tree which results from acquirirg one image from each senscr
is shown in Figure 16. Because the goal of multiple imaging
is to achieve an acceptable probability of at least one
detection, the outcome of primary importance is the one

which shows '"no detection" throughout. The probability of
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Sensor 1 Sensor 2 Qutcome P(Qutcome)

— Y (.B8) YY C.42)
Y ¢.7)

N (.4) YN (.28)

Y (.B) NY .18
N (.3

N (.4) NN (.12>

Key: Y = Detection, N = No detection, ( ) = Probability

Figure 16. Example Probability Tree for Two

at least one detection is equal to one (1) minus

probability of no detections throughout.

P =1-FP

d21 nodet

= prabability of at least one

Where Py,
- = prabability of no detection

Pnodet

Sensors

the

(4863

detection
throughout

The probability of the no detection throughout outcome

is the product of the individual probabilities of no

detection for each image acquired. This is because, as

shown in the figure, there is always one all negative
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outcome irrespective of the number of images acquired. All

other combinations contain at least one detection.

Each

sensor’'s individual probability of no detection is one (1)

minus the probability of detection for a single image,

Pdotl' Equation 47 provides the expressian far the
probability of at least one detection in a series of

acquired from a variety of sensors.

X 3 XN,

- a_ _ x1,.,_ _
Payy = 1-CC1-Pyne912 7 " (A=Pyge12? 7 - - (1-Pyqein

Where P = probability of detection for a
dotll :
image from sensor 1

P = probability of detection for a
dotiZ2 -
image from sensor 2
P = probability of detection for a
dotln -
image from sensor n
x1 = number of images acquired fram
1
xZ = number of images acquired from
2
XN = number of images acquired from
n

images

(475

single
single
single
sensor
sensar

Sensor

This relationship holds for both cases discussed above

since the selection of multiple images from a single

is a subset of the general case.

Optimization Non-Cued Detectiogn ~-— Moving Target

As is the case for stationary target detection

sSensor

optimization, moving target detection gptimization can be

approached fraom two perspectives. The goal is either to
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maximize the szl subject to the constraints of budget and
image availability, or to minimize cost subject to the
constraints of an acceptable Ple and image availability.
However, since equation 47 is non-limear, linear programming
cannot be used directly to solve this model.

The probability of at least one detection can be
maximized through a variety of naon-linear programming
techniques. In its general form equation 47 is the
objective function to be maximized, and equations 43, and 45
make up the constraints.

To minimize the cost involved in achieving an
acceptable Pdkl' again non-linear programming techniques
could be used. In this case equation 43 becomes the
objective function to be minimized, and equations 45 and 47
become the constraints.

In either case the non-uniformity of the area o©f
interest must be accounted for. This will generate
additional constraints to enforce an unifarm Pd21 for each

unique region within the area of interest.

Cued Detection Algorithm —-- Stationary Targets

Cued detection of stationary targets is very similar ta
non—-cued detection of moving targets. Again the probability
of detecting the presence of a target depends on the

probability that the target will be detected in a single
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image and the number of images acquired. Again the logic of
multiple imaging of an area applies. However, a major
difference occurs in the size of the area of interest. In
cued detection of a stationary target a single location is
imaged. This effectively reduces the area of interest to
the area of a single image from the sensor. Thus the
probability of detection by an individual sensor which
applies is the raw probability of detection amended to
include appropriate obscuring factors, or Pdet*‘ The
equation for calculating the probability of at least one

detection becomes:

- 1_ _ x1,.,_ x2 _ XN
Pd!l = 1-{C1 Pdet*l) 1 Pdet*a) Ll Pdet*n) > 48
Where Paet*1 .2 ... n = probability of detection in
T ! one image from sensar
1,2,...,n
Optimization Cued Detection -- Stationary Targets

As in non-cued detection of moving targets, the
optimization methodology used to optimize cued detection of
stationary targets depends on whether the szl is to be
maximized or the cost is to be minimized. Again a variety

of techniques is available ta accomplish this optimization.

86




Cued Detection Algorithm —-- Moving Targets

Cued detection of moving targets is an alias for
tracking. Therefore, the algorithm developed in this
section to assess a sensor’s capability to detect moving
targets when cued is actually a measure of the sensor's
ability to track a target. Similarly, the probability that
a sensor will detect the target is equivalent to its
probability of tracking the target.

There are two broad tracking categories. First, a
sensor may be tasked to establish a second contact Qith a
target. In this case, the first contact has occurred and
constitutes the cueing information. Second, a sensor may be
tasked ta locate a target for which at least two contacts
have been established. In this case, the task may be
simplified since some prediction of the target location is
possible.

Second Cantact. Given that the first contact, or cue

information, is accurate, the probability that a system will
detect a target depends on the sensor’s single image
nrabability of detection, the size of the image, the
positian of the first contact, the velocity of the target,
and upon the responsiveness of the sensor. Consistent with
an approach of simple first, complex second, the analysis

begins with consideration of fixed sensars.
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Sensors Fixed at Nadir. The general situation of

sensor swath and target area overlap is shown in Figure 17.
In the figure, X is the position of the target at time tl' 2
is the subsatellite point at time ta when the satellite
crosses the latitude of initial target detection and the

gensor is within range of the possible target area.

\ \
r
/z
]
v . Y
Figure 17. Sensor Swath 0Overlap of Possible Target

Area

The possible target area is enclosed in the circle of radius
r, where r is equal to the distance that the target could
have maved if it were travelling at top speed for the pericd
ta - tl. The diagonal swath is the territory that the
sensor could image on the current pass.

If the ground swath overlaps the possible target area,
and if the target is equally likely tc be anywhere in the
possible target area, then the probability that the sensor

will detect the target on this pass is given in equation 49.
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P

Where Ptrack

Ptrkcon

track

= PirkconPdet» (435

= probability sensor will track target

on this pass

= the ratio of the area imaged which

could contain the target to the area
which could contain the target

In the limiting case the sensor’'s swath just touches

the area in which the target could be.

This is shown in

\ N —

\ A i

\\
\
N oze b
\ 4 S L x
\* N
AN
N \
Figure 18. Sensor Swath Edge Tangential to Possible

Target Area

Figure 18. At time t5, when the sensor is

23, the distance between 23 and X is given

(23 - X3 = (t3-t1)s + Sw/E

Where Sw
resolution cell
s = target speed
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overhead point

in equation 50.

(50

= width of the sensor’'s ground




Angle (a) is equal to 1B80° minus the lacal crossing

angle (q). The local craossing angle is a function of the
orbit inclination and the latitude of interest. The
formulas for determining the local crossing angle are

contained in Appendix E. The distance between 2* and X is:

(to-t.)s + S /2
(2% - X) = —3-1 = (S1)
sin (a)d

This distance can be converted to the equivalent number
of degrees of longitude. Assuming a spherical Earth, the
circumference aof a specific parallel of latitude is given by

the expression:

CirL = awRecos(L) (se)
Where CirL = circumference at latitude L
Re = radius of the Earth
L = latitude

The number of degrees of longitude equivalent to the
distance (2* - X) is then:
2% - X
{ = ——— (360" (53>
CLFL
The equivalent degrees of longitude is used to
determine whether the sensor’s swath and the possible target

area overlap. If at time ta the subsatellite longitude is

30




within the threshold boundaries (+ ) of the initial target

longitude, the sensor swath and possible target area will
overlap. The relationship between the threshold longitude

for overlap and (ta-tl) is linear and is shown for B60°N

40.00
P s
» 3 twts
35,00
n -—-Q-——
’ 20.00 //.,‘__4 D Lrots
g 25.0 // 13 Knots
g P S,
é 20.00 ‘///‘/ 20 Knota
s s
2
3 10.00
E
s.00
0.on | S S R S N N R NS R |
| ] 19 F . 32 «
4 » 20 2 %
Elopoed Tine Chours)
Figure 13. Threshold longitude vs Elapsed Time

latitude and the Landsat S swath in Figure 18. Curves
plotted for Landsat S and SPOT 1 are provided in Appendix E.
Having determined that there will be overlap at time
te, the gquestion remains as to how much area is overlapped.
This overlap will depend on the size of the sensor swath and
the size of the possible target area. The general situation

of overlap is shown in Figure 20. Since the longitude of
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Figure 20. Sensor Swath Overlapping Possible
Target Area

the subsatellite point 2* is known, the distance (2% - XJ

can be determined using:

(1,-1.) Cir
(2* - X) = X L (54)
360°

Where l, = longitude of 2*
lx = longitude of initial contact

Once (2* - X) is known, the distance Y is:

Y = (2* - X) sin(a) (85
Once Y is known the area of the swath can be determined

geometrically. Two situations can exist. First, Y may be

less than half the swath width of the sensor, in which case

g2




the swath stradles the initial target location. Second, Y
may be greater than or equal to halfF the swath width of the
sensor, in which case the swath falls in only one half of

the circle.

Figure 21. Geometry for Swath Overlapping Center of
Possible Target Area

Figure 21 shows the geometry which results when Y is
less than half the sensor’'s swath width. In this case the
area of the circle which is averlapped by the swath is given

in equation S6.
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Asuc = Pcir "

Where ASNC

Acir
SxAB
AxAB
Sxcp
Axco

area
area
area
area
area
area

(SyaB

of
of
of
of
of
of

swath overlap in circle
the circle

sector XAB

triangle XAB

sector XCD

triangle XCD

The angle (@) is calculated using:

Y + su/a
cos(@g) = ——mm—— (57)
tds
The angle FXD, (B is:
Su/E - Y
cas(f}) = ——————ro (S8
The area of sector XAB is:
F=d%|
SyaB = (e, ®s®) (59)
360
The area of triangle XAB is:
Avag = (5,72 + Y)Ctanced (60

g4




The area of sector XCUO is:

i3

2.c
S = — (wt, s (B61)
XCD 360 d
The area of triangle XCO is:
2

Axcp ~ (Sy/e - Y)~tan(f3) (62>

The analysis For determining the area of overlap when
the swath overlaps the initial contact point is not quite
complete. There are two special situations that require
additional consideration.

First, the situation could arise that the subsatellite
point of the sensor’s next crossing of the initial contact
latitude exactly correspaonds to the initial detection point.
This is shown in Figure 22. In this case the P

trkecon

remains at unity until the possible target area exceeds

Figure 22. Geometry for Sub-Satellite Point Exactly
Over Initial Target Location
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the size of the swath width. Therefore when equation B3 is

true the Ptrkcon is assigned a value of 1.
tys - S5y/2 ¢ O (63)

Second, in the situation that the sensor’'s swath
contains the initial contact point, there is a period of
time when the possible target area does not fully extend
through the sensor's swath. This is shown in Figure 23.

For any tq less than the time required to travel toc the edge

N
AN

Figure 23. Geometry for Swath Oveflapping Initial
Target Location

of circle 1, the Ptrkcon must be 1. For the periocd it takes

to transit from circle 1 to circle 2, the formula for

overlap is given in equation BY4.

Asuc = Peir - “Sxcp - Axcn? (6413 ".*7
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Figure 24 shows the geometry which results when Y is

greater than half the sensor’'s swath width. In this case

the area of the circle which is overlapped by the swath is:

Asyc ™ Sxpc ~ Pxpc T CSxaB T PxaB]

Where SXDC area of sector XDC

Aypc = area of triangle XDC
S = area of sector XAB
XAB -

AXAB = agrea of triangle XAB

(BS)

—lat

| X

|

Figure 24. Geometry for Swath Not Overlapping Center

of Possible Target Area

The angle (c) is calculated using:

Y - 53,.,/2
sin(c) = ~————E——

tds

97

(667

. S

.



The area of sector XOC is then:

2(30° - ©)

2_e
S = (vt 57 (67>
Xpoc 360° d
The area aof triangle XDC is:
AXDC = cos(c)tds(y - Sw/EJ (68)
The angle (d) is:
Y + sw/e
cos(d) = ————— (69>
tds
The area of sector XAB is:
2d
Syag = — C(wt, 555 (70)
360°
The area of triangle XAB is:
AyaR ™ Yy + Sw/a)tds sincd) (71>

Pointable Sensors. All of the geometry to this

paint in the analysis is used to calculate the overlap of
the sensor swath and target area for a sensor which locks
only directly below itself. How does this change in the

case of satellites that can point their sensors at targets

which are aoffset from the satellite ground trace®
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The geometry for a pointable sensor’s overlap with a
target area is shown in Figure 25. The first difference in
this analysis as compared to fixed sensor analysis is the
value of the distance Y. This distance is again calculated
using equations 55 and S6. However since Y is equal to the
distance from the ground trace to the initial target
location, in the threshold case it is the distance off track
the sensor is pointing (2-5*) plus half the swath width of

the sensor plus the target speed times the elapsed time (r).
]

\
\

»

X 7

Figure 25. Pointable Sensor Threshold Qverlap

Again the swath may or may not overlap the point of
initial target detection. In the case of swath overlap with
the point X, the distance Y will be less than the distance

(2-5*) plus half of the swath width of the sensor. This is




shown in Figure 26. In the figure the distance de is equal

to (2-5*) plus half the swath width minus Y.
de = (2-S*) + sw/a - Y (7e)

The distance dl is Y minus (2-S*) plus half the swath width.
Using these distances the area of the swath overlap with the

target area can be calculated using equations 56 through &64.

N

Figure 26. Geometry for Pointable Sensor Swath QOverlap

If the sensor’s swath does not overlap the initial
target locatiaon, the swath overlap geometry is shown in
Figure 24. In this case the distance XF is calculated by
subtracting the distance (2-5*) and half the swath width
from the distance Y. Thereafter the calculations for

overlap follow those develaoped in equations 65 through 71.
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Conditional Tracking Probability Calculation. All

of the geometry shown sc far contributes one half of the

information needed to determine the conditional tracking

probability. The secand half is just the total possible

target area, Apos' It is:

A - wtdasa (73>

pos

Finally, an expression for the probability of tracking,

caonditional on the sensor seeing the target, can be written.

A
SWC .
Ptrkcon A (7' A
pos
The Ptrkcon is sensor specific. Defining the sensor'’'s

response time, td, to be the elapsed time between the
initial target contact and the time of sensor crossing of

last known target latitude, the P can be plotted

trkcon

against sensor response time. The general form of the curve
is shown in Figure 27, which is made using the Landsat S
swath, an initial target latitude of B0°N, and target speed
of S5 Kncts.

Not only does the P decreases rapidly as the

trkcon

possible target area increases, but also more images are

required to achieve the P The relationship between

trkcon-

the equivalent number of images required ta achieve the

maximum Ptrkcon and response time is shown in Figure 28.
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Figure 27. Conditional Tracking Probability verses
Response Time
(Top to bottom are 0,1,2,3,4,5° Longitude Displacement)

Figure 27 shows the conditional tracking probability
for a single sensor, a single target speed, and a single
initial target detection latitude. There are many
caombinations of these variables. Nonetheless, comparative
plots of conditional tracking praobabilities can be used as a
first check to determine if a given sensor could provide an
acceptable response. For this reason conditional tracking

curves for Landsat S and SPOT 1 are included in Appendix F.
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Figure 28. Conditional Tracking Procbability and
Equivalent Number of Images vs Response Time

The Ptrkcon calculated above, when divided by the
equivalent number of images required to achieve it, is a
measure of the conditional probability of tracking in a

single image, or:

_ Ptrkcon

. (75)
tim
. E

gim

u
1

= conditiornal tracking probability per
equivalent image

Eqim = gquivalent number of images

Where tim
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It is the Ptim' when multiplied by the P, .« that gives

the probability of tracking the target in a single image, or

Prrackl®

Ptrackl = Ptimpdet* (78>

Optimization Tracking Algorithm -- Second Cantact

The algorithm chosen to optimize the probability of
tracking a target depends on whether cverlapping or non-
overlapping images are available.

In the case of non-overlapping images, Ptrack can be
maximized using linear programming. The objective function

to be maximized is given in equation 77.

n

.2: (Nim)iptracki (773
i=1
Subject to the constraint set:
n
2. (Njp);Cp ¢ Bg (78)
i=1
0 ¢ x; ¢ Ky (733
Where K. = maximum number of images available fram
sensor i

If there is overlapping coverage, the optimization
becomes untidy. The untidiness occurs since the abjective

function must account for areas of single and overlapping
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coverage. An example of overlapping swaths is shown in

Figure 283.

Tetetete Y

™

N

Figure 29. 0QOverlapping Swath Coverage Geometry

In the figure, Sensor A passes overhead at time t1,
Sensor B passes overhead sometime later at time t2. The
areas of single and double coverage depend on the swath
widths of the sensors, the sensors’ inclinations, and the
time of each aof the sensor’'s passages overhead.

The areas in which only a single sensor provides
coverage behave linearly--that is,'their contribution to
overall tracking probability provided by images acquired in
these areas will increase linearly as a function of the
number of images. Given complete overlap of multiple imaged
areas, their contribution to the aoverall Ptrack will be non-
linear. However, since in a given situation the individual

Ptrack values will be known, and since only cne image from
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each sensor can be taken of an area on the ground in a

single pass, the combired P, . ,,,> is fixed and is:

Peracki+e = 1701 "Perack1?(1-Peracke?’ (803
Since Py ,cki+p 15 @ fixed value it also contributes to
the objective function linearly. Therefore aptimization for
overlapping coverage, assuming the overlap is complete, can
be accomplished through linear programming. The form of the

objective function to be maximized is:

Perack ™ *1Ptruckl * *2Ptracke * *1+2Ptracki+e (81l

Where Xy 2 ~ number aof non-overlaping images acquired
’ from sensars 1,2
X14p = number of overlapping images taken

The canstraint set is:
xlcl + xaCE + x1+a(C1+CaJ < BS (82>

Xy $ E 1(Area Single Coverage 1/Total Swath 1) (83)

qim

X ¢ E a(Area Single Coverage 2/Total Swath 2)

gim
X140 ¢ Eqiml(Area Double Coverage/Total Swath Double)

In practice single area coverage will be exhausted
prior to the acquisition of overlapping images. This is

true since a combined image yields a P, 1.p which is
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lower than the sum of its components in all cases, but which

costs the same as the individual images.

Tracking Algorithm -- Follow-on Contacts

Once a target’s positiaon is plotted for two points in
time, its location at any subsequent time can be predicted.
Assuming the target’s velocity remains constant, the task of
establishing follow-on contacts reduces to cued detection
and the algorithms developed for cued detection of
stationary targets can be applied. The only glitch that
remains is determining if and when the sensor will overfly
the target.

The question of simultaneous target location and sensor
swath overlap can be broken into two constituent parts; how
sagan will the target pernetrate a specific ground swath, and
how long will the target take to traverse the swath. With
these two pieces of information, it is possible to determine
whether the satellite will overfly the target on a given
pass. That is, a window of aopportunity for imaging during a
specific pass can be determined.

The first piece of information to determine is how soon
a target will penetrate a specific ground swath. Figure 30
illustrates the geometry. The shortest path to the swath is
perpendicular to the inclination of the sensor’'s orbit.

This distance is given by equation 84%.




N

\

Figure 30. Swath Penetration Geometry

Dgp ~ sin(a)f*(F> - Sy’2 (84)

Where Dsh = gshortest path

F = # km per degree longitude
at latitude
The distance to the swath increases as the target

heading varies from the perpendicular. 7The distance to the
swath for any angle other than the perpendicular is
determined by dividing the shortest distance by the cosine
of the angle between the target heading (H) and the
perpendicular. Therefore, the distance toc the swath is:

sinCa) {*(F) - 5,/&

b= (85)
cos(H-1-90)
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A negative result for [ indicates that the target is
heading away from the swath. This would occur if the target
were heading East and the sensor’s swath under consideration
were West of the target’s last known position.

Once the distance from the target’s last known positiaon
to the swath is calculated, the time it takes to transit
this distance is just the distance divided by the target’s
gspeed. This provides the first piece of information needed
For the imaging windouw.

The secand piece of information needed for the imaging
window is the time it will take the target to transit a
swath., The geometry of swath transit is also shown in
Figure 30. The differernce is that the shortest distance in
this case is the swath width itself. Using the swath width
as the numerator in equation BS, swath transit times for a

given target speed can be worked out.

Optimization Tracking Algorithm -- Follow-on Contacts

If the above analysis yields several imaging
apportunities, the task remains to optimize the selection of
sensars. A complexity arises since the value of the target
being tracked will dictate the frequency with which track
updates will be required. At one extreme, a low value
target may not require tracking. At the other extreme a

high value target may require continuous track updates.




Once again two distinct approaches can be taken to
optimize selection of sensors. If the goal is to maximize
the probability of at least one detection of the target, the
objective function becomes:

(86)

Pay1 = 1 - Phodet

Where P DC1-Py_r sy
PSZSE§J = singled?%aéé detection probability
for sensor i on pass

And the constraint set is:

B (875

L (NG5 ¢ Bg
0 ¢ (N; )y ¢ K (88>

where Ki = maximum number of images available
From sensor i
Once again there are a variety of non-linear
programming alternatives which can optimize the objective

function subject to the constraint set.

Summary

In summary, this chapter has answered the second
question. That is, the selection of sensors from those
available is accomplished by optimizing the performance of
the system of sensors. The system performances are measured

in terms of its probabilities of detecting or tracking
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targets. Therefore, the selection of imagery from a
specific sensor depends on how large its contribution to the
overall system’s probabilities of detection and tracking is

in comparison to the options which are available.
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VI. Analysis

General

The third question to resolve is how valid are the
algorithms which have been developed in Chapter V.? As with
all models, the quality of the output will depend on the
quality of the input. Nanetheless there is value in
develaping the algorithms for specific situations since this
will afford face validity to the methodology itself. Thus,
this analysis chapter presents an example formulation in

each mission area.

Example Analyses

At the start of an analysis the analyst must specify
the missian, the target(s) of interest and the time frame
for consideration. Based on the target of interest and the
mission, the area of interest can be defined. Based an this
area and the time frame of the analysis, all possible
backgrounds can be described in spatial, spectral, and
temporal terms. Similarly, all targets can be described in
these three domains. Next, the possible sensors can he

selected based on the time frame of the analysis.

Using this database, the analysis begins. The first
questicon to be answered is whether the sensor will detect

the target against the background under ideal canditians. .7
T
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This requires analysis of each sensor with every possible
target and background combination. Far visible wavelength
sensors, equation 10 is used. If the actual target area is
larger than the threshold target area, the target can be
detected by the sensor. For quick reference Appendix C
contains threshold detection curves for various sensors;
Similarly, equation 24 is used to determine if a thermal
wavelength sensor can detect a target under ideal
conditions.

Camparing actual target areas to threshold target areas
returns a Pdet of one (1) in the case aof detection, or zerc
(0) in the case of no detection. At this point in the
analysis, all target, background, and sensor combinations
which return a Pdet of 0O are discarded.

To this point the steps required are common for all the
missions. They form a checklist of actions which begin
every analysis. In contrast, subsequent analysis depends on
the missian under consideration. To continue this example
it is assumed that the mission is non-cued detection of
stationary targets.

The next step in the analysis is to determine the Pdet
considering detector array geometry. This is accomplished
using equatiaons 27, 28, and 29. [t is this value of Pdet

which is carried into the rest of the analysis.
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The analysis continues with the partitioning of the
target area into areas of common obscuration. 0Once this is
done, the Pdet* for each combination of sensor, target,
background, and location can be determined using equations
35 and 36. If the irradiation factor for a combination is
zero (Q), this combination is discarded.

Having determined the Pdet* values for the surviving
combinations, the next task in the analysis is to work out
the corresponding Pdotl value for each, using equation 41.
The area of interest here is the area of common obscuration.

At this point the linear program can be written. In
this example, the objective function to be maximized is
equation 42, and the constraint set is Furnished by
equations 43, 44, and 45, and by specifying each area must
return the same Pdsgs' Solving the linear program gives the
Pdsgs achievable for the budget specified.

Appendix H provides checklists for analysis start and
for each missian.

The remainder of this chahter contains example analyses
using the representative target set described in Appendix D.
Each mission area is analyzed. Sources of data are enclosed

in parentheses.
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First Analysis: Non-Cued Detection of Stationary Targets

START -- Checklist 1

1. Mission: Non-cued detection of stationary targets
Target: Survey Parties
Time frame: Month of January

2. Area of interest: 60°W - 142°W, B0°N - 83°N

3. Possible backgraund(s): Snow (Ref:18)

4. Background characteristics:

Spatial - Elevation ¢ 1000 meters (Ref:123
Spectral - Reflectance 0.3 (16:77
- Emissivity (10-12 um) .88S (16:7)
Temporal - No change in time frame
5. Target characteristics: (Appendix O)
=

Spatial - Vehicles up to SO m
Spectral - Reflectance 0.12
- Emissivity .82, 1/4% surface area 2°K
warmer than ambient
Temporal - No change in time frame
6. Sensors available: NOAA AVHRR
Landsat 5 MSS, THM
SPOT 1 HRV
Sojuzkarta‘
* Npt considered due to the delay in receipt of the image
7. Pdet calculatiaon:

Visible - (Rt - Ryl = .78
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Table 3. Visible Sensor First Analysis
*

Sensor At1(m ) Pdet
AVHRR 1800 (Fig. C17> 0
MSS 67 (Fig. C7) 0]
™ 10 (Fig. C5J 1
HRV 1 (Fig. C1) 1

Thermal - Target exitance 28.8 w/ma

Table 4. Thermal Sensor First Analysis

“
Sensor Ati(m ) Pdet

™ Band 6 1 (Fig. GO 1

8. Surviving options: Landsat TM Band 1,3 or 4
Landsat TM Band &
SPAOT HRV

9. End checklist 1

Checklist 2: Non-Cued_ Detection of Stationary Targets

1. Landsat 5 and SPOT 1 detector arrays are staggered, and
there are effectively no gaps in the detector array.
Thus if At 2 %*Ati, Pdet remains at one (1). For all

surviving sensors this is true.
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2. Partition area of interest: The two consideratians are
darkness and cloud cover since both thermal and visible
sensors have survived to this paint.
Darkness -
A. Period of satellites - Landsat S is S88.8 minutes
- SPQT 1 is 101.5 minutes
B. Using equations 32, 33 and the local sidereal times of
sunrise and sunset, the time each sensor passes
overhead a given latitude can be worked out and a

value for Ifac determined. Table S contains these

values.
Table 5. Ifac OJetermination
Latitude Landsat Tlat IFac SPQOT Tlat Ifac
0 034sS 1030
60 0Sc8 1 1013 1
(=1 03c8 1 101¢e 1
B4 0927 1 1012 1
66 0Se7 O 1011 1
68 038e6 0 1011 1
70 03826 0 1010 0]
72 09es 0 1010 o]

Cloud cover -
Cloud cover data is taken from Reference 18.

Superimposing the areas of darkness and cloud cover yields

six distinct areas of common obhscuration. These are shown

in Figure 31.
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Figure 31. First Analysis Areas of Common Obscuration

3/4/5. Pdet* ' Pdot1 calculation:

A. Approximate areas of each of these regions are shown

in Table B.

Table 6. Areas of Regions of Common Obscuration
First Analysis

Area (km™)

B 805150
c 1278040
D 3017460
E 6391380
F 845500
G 627450

B. Table 7 contains the values for Pdet* and PdDtl for

each region.
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Table 7. First Analysis Pdet* and Pdotl

Region Pcloud Sensor Pdet' Pdotl
B .6 LT 1 1.88E-3
HRV R 1.98E-4
c .6 LT M 1.88E-3
LV i ; 1.88E-3
HRV N 1.98E-4
D .5 LT .S 2.3B6E-3
E U LT .6 2.83E-3
F .5 LT .S 2.36E-3
HRV .5 2. 48E-Y4
G .5 LT .5 2.36E-3
LV .S e2.36E-3
HRV .S 2.48E-4

Legend : LT - Landsat S Band &
LV - Landsat S Band 3
HRV - SPOT 1

6. The goal of this analysis is to maximize the system wide
probability of detection given a total of $1,000,000.00 for
the time frame under analysis.

7. A. Since Landsat 5 Band 6 and Band 3 sensars return the
same probability of detection and cost the same, where both

are available anly Band 3 is carried forward for analysis.

Using equation 42 as the template the objective function is

given in equation 83.
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Pdsgs = 1.88E-3 X1 + 1.88BE-3 X2 + 2.36E-3 X3 (838>
l + 2.B3E-3 Xt + 2.36E-3 X5 + 2.36E-3 X6
+ 1.9BE-% X7 + 1.8B8E-% X8 + 2.4BE-% XS

+ 2.48 E-4 X10

Where X1 = # images taken by Landsat in region B
X2 = # images taken by Landsat in region C
» X3 = # images taken by Landsat in region D
X4 = # images taken by Landsat in region E
XS = # images taken by Landsat in region F
X6 = # images taken by Landsat in region G
X7 = # images taken by SPOT in region B
X8 = # images taken by SPOT in regiaon C
X9 = # images taken by SPOT in region F
X10 = # images taken by SPOT in region G

7. B. The cost of a Landsat TM image is $4,600.00. The cost
of a SPOT image is $1000.00 (43:357). Using equation 43 as
the template the cost constraint is:

4600 X1 + 4600 X2 + 4600 X3 + 4600 X4

+ 4600 XS5 + 4600 X6 + 1000 X7 + 1000 X8
+ 1000 X9 + 1000 X10 ¢ 1000000 (80)

7. C. Using equation 44 as the template, the restriction on

overlapping images is:

34225 X1 + 3600 X7 < 805450 (815
34225 Xe + 3600 XB ¢ 1278040 (92>
34225 X3 < 3017460 (93>
34225 X4 < 6381380 (94>
34225 X5 + 3600 X3 < B45500 (95>
34225 X6 + 3600 X10 < 627450 (86>
7. D. The final set of constraints restrict the
probabilities of detection within each region to be within a %
120
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specified range of each other. This prevents domination of
one region of clear weather at the expense of coverage in

harder-to-image regions. To do this the area of the region
is used to specify a local Pdotl and this figure is used to

balance the regions.

1.7E-2 X1 + 1.BE-3 X7 - 1.07E-2 - 1.13E-3 ¢ .1 (87)
1.7E-2 X1 + 1.BE-3 X7 - 1.07E-2 - 1.13E-3 2 -.1 (s8>
1.7E-2 X1 + 1.8E-3 X7 - 5.67E-3 X3 ¢ .1 (89>
1.7E-2 X1 + 1.BE-3 X7 - 5.67E-3 X3 : -,1 «<d100)
1.7E-2 X1 + 1.BE-3 X7 - 2.97E-4% X4 ¢ .1 (101>
1.7E-2 X1 + 1.BE-3 X7 - 2.87E-% X4 2 -.1 (102>

1.7E-2 X1 + 1.BE-3 X7 ~ 2.02E-2 XS 2.13E-3 X8 ¢ .1 (103)

1.7E-2 X1 + 1.8E-3 X8 - 2.02E-2 X5 - 2.13E-3 X10 2 -.1 (10%)
1.7E-2 X1 + 1.8E-3 X7 - 2.73E-2 X6 - 2.87E-3 X10 ¢ .1 (10%)
1.7E-2 X1 + 1.BE-3 X7 - 2.73E-2 X6 - 2.8B7E-3 X10 2 -.1 (106>

9. This linear program was solved.
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Secand Analysis: Non-Cued Detection of Moving Targets

START ~-- Checklist 1
1. Mission: Non—-cued detection of moving targets
Target: Ship
Time frame: Month of July
2. Area of interest: Arctic waterways
Approximately 3,000,000 km® (12:23)
3. Possible background(s): Water
4. Background characteristics:
Spatial - Sea level
Spectral - Reflectance 0.09 (16:7)
-~ Emissivity (10-12 um) 0.99 (16:7)
Temporal - No change in time frame
5. Target characteristics: (Appendix D)
Spatial - 121 x 15 meters
Spectral - Reflectance 0.85
~ Emissivity 0.74%, 1/10 surface area 2°K
warmer than ambient
Temporal - In area of interest entire month
6. Sensors available: NOAA AVHRR
Landsat S5 MSS, TM
SPOT 1 HRV

7. Pclet calculation:

Visible - (R, - Rb) = 0.786
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Table 8. Visible Sensor Secaond Analysis
4 C

Sensor Ati(m ) Pdet
AVHRR 1800 (Fig. C18) 0
MSS 67 (Fig. C8&) 1
™ B (Fig. CB&) 1
HRV 1 (Fig. C&) 1

Thermal - Target exitance 56.7 b.l/ma

Table 9. Thermal Sensor Second Analysis

8. Surviving options: Landsat MSS (any band)
Landsat TM Band (any band)
SPOT HRY

9. End checklist 1

Checkljist 3: Nogn-Cued Detection of Moving Targets
1. As discussed in the first analysis, all Pdet values

remain at one (1),
2. Partition area of interest: The only consideration is

cloud cover since the IEac value is one (1) for both Landsat

and SPOT.
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Cloud cover -

Cloud cover data is taken from Reference 18. For the
month of July the probability of cloud cover is
approximately 0.8 throughout the area. As a result the area
of interest is not partitioned.

3/4/5. Pdet* 'Pdotl calculation:
Table 10 contains the values for Pdet* and Pdotl for each

sensor.

Entire .8 ™ .2 2.2BE-3
MSS .2 2.28E-3
HRV .2 2. .40E-4

6. The goal of this analysis is to maximize the system wide
probability of detection given $100,000.00 fFor the time
frame of the analysis.

7. A. The objective function is:

X3

Pgy = 1 - cc1-2.286-D X ¢1-2.286-30%2(1-2.46-4) %) (107>

Where X1 = number of images taken by Landsat TN
X2 = number of images taken by Landsat MSS
X3 = number of images taken by SPOT

7. B. The cost of a Landsat MSS image is $1,000.00 (43:3%7).

Using equation 43 as the template the cost constraint is:

4600 X1 + 1000 X2 + 1000 X3 ¢ 100000 108>
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Since the area of interest is not partitioned in this
analysis, additional constraints designed to return even
Pd21 values from each unique region are not necessary.

7. C. This model was not sglved.

125




Third Analysis: Cued Detection of Stationary Targets

START -- Checklist 1

1. Mission: Cued detection of stationary targets
Target: Survey Parties
Time frame: Months of April, fMay, and June

2. Area of interest: Target location S (see Figure 32)
Banks Island 123°W 73°N

Target location 1
Southampton Island B85°W B5°N

Target location 4
Axel Heiberg Island 95°W BO°N

Jhipraute

Figure 32. Fixed Target Locations and Ship Route
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3. Possible background(s): Snow (Ref:18)
Ground

4, Background characteristics:

Snow -
Spatial - Elevation ¢ 1000 meters (Ref:12)
Spectral - Reflectance 0.9 (16:7)

- Emissivity (10-12 uam) .985 (16:7)
Temporal - Change in time frame to ground
Ground -
Spatial ~ As above
Spectral - Reflectance 0.25 (16:7)
-~ Emissivity (10-12 um) 0.84 (16:7)
Temporal - No further change in time frame
S. Target characteristics: (Appendix 0)
Spatial - Vehicles up to SO ma
Spectral - Reflectance 0.12
~ Emissivity .92, 1/4 surface area 2°K
warmer than ambient
Temporal - No change in time frame

6. Sensors available: NOAA AVHRR

Landsat 5 MSS, TM

SPOT 1 HRV
7. Pdet calculation:
Visible - Background of snow, (Rt - Rb) = .78
- Background of ground, (Rt - Rb) = .13
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Table 11. Visible Sensor Third Analysis
L. __________ ]

N4 i et s S —

) e
Sensor Aci (M Igngy  Pdet Aei (M IGround  Pdet
AVHRR 1800 (Fig. C17) O »* (Fig. Ca3) o
MSS 67 (Fig. C7) 0 300 (Fig. C8) 0
TM Band 4 1C (Fig. CS) 1 25 (Fig. CB) 1
1 4 (Fig. C3) 1

# HRV 1 (Fig. C1)
k. ]

Thermal - Target exitance (@ 277°K) 42.8 Ww/mS

Table 12. Thermal Sensor Third Analysis

Sensor. Ari (M )50 Paet Aei ™ JGround  Fdet
TM Band & 1 (Fig. GS) 1 1 (Fig. G2) 1

k- ____ . - __ ]
8. Surviving options: Landsat TIM Band 4
Landsat TN Band B
SPAT HRV

9. End checklist 1

Checklist 4: Cued Detection of Stationary Targets
1. Table 13 shows the number of opportunities each satellite

has in the 3 month period of interest.

Table 13. Imaging Opportunities
Target Landsat S SPOT 1
Axel Heiberg Y1 174
Banks 25 110
Southampton B8 73
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2. Pyat calculation:
Pyet for TM Band 4 is 0.81
3. Pdet' calculation:

Only cloud cover will obscure the target locations during
the time frame of the analysis. Table 1%t shows the results
of Pdet* for each target and sensor calculation.

Table 14. Third Analysis Pdet*

P e

Target Month Pcloud Sensor Pyat*

U
Q
o
ct

(@)
u

Axel Heiberg April 0.5 TM Band
HRV

M Band

May Q.7 M Band
HRV

M Band

June 0.8 M Band
HRV

TM Band

»*

*

(IS o B ol o Y Sy Sy e

COmMOO00000 0OOWOOOOOO0 COMOOOOOO

Banks April 0.5 M Band
HRV

Trt Band

May 0.75 ™M Band
HRV

M Band

June 0.8 M Band
HRV

M Band

vl a hm;uwmmh

PR OR PP e

Southampton ~ April 0.6 ™ Band
HRV

™M Band

May 0.8 M Band
HRV

™ Band

June 0.8 M Band
HRV

M Band

*

#*

eJoNoJoRoNoNoNololNoRolohojoaRoNoNe O000000O0
n
o h

(0] W ¥ o o ) RS = o Y o o 2 W O £ £

PO e
MU U = MU MU U oE o oF

* Discarded from further analysis since the same Pde -
is available from the same sensor for the same cos&.
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4. The goal of this analysis is to maximize the probability
of detection of targets given $10000.00 for the time frame
of the analysis.

S. A. The objective function is:

Pypy = 1 - €¢.5% ¢, 53%8¢,73%3¢ . 73%%( .g4)*5( gy %6 €109)
¢.8)%7¢.5)%8¢ . 53%X3(  75y%x10( 55yx11
(.81 X18¢ gy*X13¢ gyx1%¢ gyx15. g;x16

¢.8)*%17¢ . gy*18¢ gyyXx13¢ gyx€0 gyx21,

Where x1 = # TM Band t images taken of target 4 in April
x2 = # HRV images taken of target 4 in April
x3 = # TM Band 4 images taken aof target % in May
x4t = # HRV images taken of target 4 in May
xS = # TM Band 4 images taken of target 4 in June
x6 = # HRV images taken of target 4 in May
x7 = # TM Band 6 images taken aof target 4 in June
x8 = # TN Band 4 images taken of target S in April
x93 = # HRY images taken of target 5 in April
x10 = # Tf Band % images taken of target S in May
x11l = # HRV images taken of target S5 in May
xl2 = # TM Band 4 images taken of target 5 in June
x13 = # HRV images taken of target S in June
x1l4% = # TM Band 6 images taken of target S in June
x15 = # TM Band 4 images taken of target 1 in April
x16 = # HRV images taken of target 1 in April
x17 = # THM Band % images taken of target 1 in May
x18 = # HRV images taken of target 1 in May
x19 = # THM Band 4 images taken of target 1 in June
x20 = # HRV images taken of target 1 in June
x2l = # TN Band 6 images taken of target 1 in June

5. B. The cost constraint is:

4600 x1 + 1000 x2 + 4600 x3 + 1000 x4 + 4600 x5 (110>
+ 1000 x6 + 4600 x7 + 4600 xB + 1000 xS
+ 4600 x10 + 1000 x11 + 4600 x12 + 1000 x13
+ 4600 x14 + 48600 x15 + 1000 x16 + 4600 x17
+ 1000 x1B8 + 4B00 x19 + 1000 x20 + 4600 x21 < 10000
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5. C. The image avallability constraints are:

x1l + x3 + x5 + x7 < 41 (1115
x2 + x4t + x6 < 174 (11ed
xB + x10 + x12 + x14% ¢ 2s (113>
x9 + x11 + x13 ¢ 110 (114)
x15 + x17 + x18 + x21 ¢ 8 (115)
x16 + x18 + x20 < 73 (116>

5. 0. This model was not solved.

Note: If operations dictate the requirement that the system
deliver an equal probability of detection for each target,
additional constraints must be written. These constraints
would be similar in both Fform and effect as those written to
ensure areas of common obscuration returned equal
probahilities of detection in earlier analysis.
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ﬁi Fourth Analysis: Second Contact

START —-- Checklist 1

1. Mission: Second Contact

Target: Ship
Time frame: Month of August

2. Area of interest: Arctic waterways
2

Approximately 3,000,000 km (13:23)
3. Possible background(s): Water
4. Background characteristics:
Spatial - Sea level
Spectral - Reflectance 0.03 (16:7)
- Emissivity (10-12 um) 0.898 (16:7)
Temporal - No change in time frame
S. Target characteristics: (Appendix D)

Spatial - 121 x 15 meters
Spectral - Reflectance 0.8S5
~ Emissivity 0.74, 1/10 surface area 2°K
warmer than ambient
Temporal - Ship’s top speed 10 Knots
6. Sensors available: NOAA AVHRR
Landsat S MSS, TN
SPOT 1 HRV
7. Pdet calculation:

Visible - (R - Ry) = 0.76
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1.

Table 15. Visible Sensor Fourth Analysis

Sensor Ati(m ) Pdet
AVHRR 1800 (Fig. Ci8> 0
MSS 67 (Fig. C8) 1
™ B (Fig. CB) 1
HRV 1 (Fig. C&> 1

Thermal - Target exitance 56.7 w/me

Table 16. Thermal Sensor Fourth Analysis

w
Sensor Ati(m ) Pdet

M Band B 1 (Fig. G7O 1

. Surviving options: Landsat MSS (any band)

Landsat TM Band (any band)
SPQT HRV

End checklist 1

Checklist 5: Second_Contact

The fFirst step in this analysis would normally be

supplied from the sensor’'s owners. To show the model

formulation it is assumed that the initial contact with the

target is 130°W 75°N, and that the position of Landsat S is

80°W 75°N and the position of SPOT 1 is 70°*W 75°N five (53

hours after the initial contact with the target.

2. The Landsat 5 swath overlaps the possible target area in

8.3 hours as it crosses 75°N latitude at 129.5°W longitude.
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SPOT has two opportunities to image the passible target area
b within 10 hours. The first occurs in eight (8) hours at
75°N 121°W. The second occurs in 10 hours at 75°N 146°UW.

3. The Pdet remains at one (1) for all imaging

opportunities.

4,5,6,7,8. Since Landsat MSS imagery is less expensive than
M imagery but equal in Pdet' only MSS imagery is considered
in the rest of this analysis. Empirical weather data is

used to determine Pdet*‘ values are found in

Ptrkcon
Appendix F. The Ptim is calculated based on the size of the
possible target area and the Ptrkcon‘ Table 17 contains the
results for these calculations.

Table 17. Second Contact Calculaticns Summary
e __ . —________ _____ _ __ __

Opportunity Paet» Pt rkecon Ptim Ptrackl
Landsat MSS 0.2 0.68 0.34 6.8E-2
SPOT(1st) 0.2 0.5 0.045 g.0E-3
SPOT(2nd) 0.2 0.12 0.03 6.0E-3

S. The available swaths could overlap. However, it is
assumed that the sensors will be restricted to imaging

.
separate areas to provide the Lroadest coverage possible.

9. A. The goal of this analysis is tc maximize Ptrack given

a budget of $10,000.00.
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9. B. The objective function is:

Ptrack = 6.BE-2 X1 + 3.0E-3 X2 + 6.0E-3 X3 (117>

Where X1 = # images taken by Landsat
X2 = # images taken by SPOT on first pass
X3 = # images taken by SPOT on second pass

The cost constraint is:
4600 X1 + 1000 X2 + 1000 X3 ¢ 10000 (118>

The image availability constraints are:

0 ¢ X1 ¢ 2 (1139)
0O ¢ Xg ¢ 11 (120>
0O ¢ X3 ¢ 4 (1213

9. D. This linear program was not solved.
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Fifth Analysis: Follow-on Contact

START -- Checklist 1

1. Mission: Second Contact
Target: Ship

Time frame: Jurne, Duration of the voyage

2. Area of interest: Ship’s Route which begins at 60°N 60°W

and proceeds Northwest until the ship has cleared the area.

The ship’s raoute is shown in Figure 32.
3. Possible background(s): Water
4. Background characteristics:
Spatial - Sea level
Spectral - Reflectance 0.03
- Emissivity (10-12 um) 0.88
Tempaoral - No change in time fFrame
S. Target characteristics:
Spatial ~ 121 x 15 meters

Spectral - Reflectance 0.85

(16:7)

(16:75

(Appendix D>

- Emissivity 0.74, 1/10 surface area 2°K

warmer than ambient
Temporal - Ship’s top speed 10 Knots
6. Sensaors available: NOAA AVHRR
Landsat S MSS, TN
SPOT 1 HRV
7. Pyt cCalculation:

Visible - (Rt - Ry) = 0.76
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Table 18. Visible Sensor Fifth Analysis
“

Sansar Ati(m ) Pdet
AVHRR 1800 (Fig. C18) o
MSS 687 (Fig. C8) 1
M B (Fig. CB) 1
HRV 1 (Fig. C2> 1

Thermal ~ Target exitance G56.7 w/ma

Thermal Sensor Fifth Analysis

8. Surviving options: Landsat MSS (any band)
Landsat TM Band (any band)
SPOT HRV

9. End checklist 1

Checklist 6: Follow-0n Cgntact
1,2,3 A. The total time for the voyage is approximately 250
hours.

B. Given an initial Landsat 5 location of 110°W BO°N,
and a SPOT location of S0°W 60°N at the start of the ship's
voyage (arbitrary fFor demonstration purposes), there will be

five (5) imaging opportunities during the voyage. These are

shown in Figure 33,
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Figure 33. Scatter Plot of Imaging Opportunities

Y. The imaging opportunities and Pdet* values are summarized

in Table 20.

Table 20. Imaging Opportunities
e .. ____J

Time(hours) Sensar Pcloud Pdet*
47 SPOT 0.8 0.2

71 SPOT 0.8 0.2

94 Landsat 0.8 0.2

144 SPOT 0.8 0.2
218 SPOT 0.8 (O~




S. P41 is to be maximized in this example. The available

u budget is $2,000.00. Therefore the objective function is:

Par1 ™ 1-cc.aXlc.@y%8¢.8yX3(.@y X't .g)%X3; c122)

Where X1 = number of images taken by SPOT on its
first opportunity
X2 = number aof images taken by SPOT on its
secaond opportunity
X3 = number of images taken on the Landsat
pass
X4 = number of images taken by SPOT on its
third opportunity
number of images taken hy SPAT on its
fourth opportunity

X5

The cost constraint is:

1000 X1 + 1000 X2 + 1000 X3 1233
+ 1000 X4 + 1000 X5 ¢ 2000
The image availability constraint is that each sensor
can provide only one image of the expected ship location on
each pass.

6. This model was not solved.
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VII. Conclusions and Recommendations for Further Research

General

Satellite remote sensing of the Earth for any purpose
is a complex process involving the scene, the atmosphere,
and the sensor. Equally complex is the task of evaluating
the images that are available from remote sensing
satellites. The sensor evaluation procedures and
surveillance mission evaluation algorithms developed in this
research consider only a small part of the entire process.

As a result of the narrow focus taken in this research
some questions can be answered while others remain.
Therefore this concluding section of this report separates
conclusions into two categaries. The first category is hard
conclusions, those that are defendable. These conclusions
are presented in the section which addresses the research
questions posed in Chapter 1. The second category is soft
conclusions, those that are observations on the interaction
of satellites and surveillance. These observations are
presented in their own section.

The final section of this chapter presents some areas

which could be investigated by follow-aon research.
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Discussion of Research Questions

What satellite imaging systems will be available?

The United States, Europe (ESA), India, Japan, Canada,

the Soviet Union, and France plan to sell satellite acquired
imagery in the 13990s. Additional sources of satellite
acquired imagery may include Chinasat, Mediasat, Bressex,

and a Soviet digital imaging system.

What will the system’'s capabilities be for these_suppliers?

The minimum target size that can be detected by a
visible wavelength sensor is determined by the sensar’s
ground resolution cell (Ac), the sensor’'s noise equivalent
reflectance difference (NERD), the atmospheric transmission
(Ta), the reflectance of the target (Rt), and the
reflectance of the background (Rb).

A (NERD/Ta)

AL = (124>
b Ry - Ry |

The minimum target that can be detected by a thermal
wavelength sensor is determined by the sensor’s noise
equivalent power difference (NEPD), the atmospheric
transmission (Ta), the background exitanc-— (Mh(Tb)J, the
emissivity of the background (Gb), the target exitance

(Mt(Tt)), and the target emissivity (Gt).
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NEPD/T
A, = (125)
| My CTd€, - M CTO€ |

Analysis of visible and thermal sensors must consider
the detector array geometry and its affect on the
probability of target detection. For both types of sensor
the probability of target detection is the ratio of the area
in which the target could fFall and be detected (Adet) to the

total area in which the target could fall (Atct)'

Pdet = Adet/AtDt (1265

How can commercial satellite images be evaluated?

Commercial satellite images can be evaluated by
comparing the information they provide to the information
required, and by considering the cost of the informatian
they provide. The specific algorithms used for sensor
evaluation against a mission requirement are mission
specific and can be optimized using linear and nan-linear
optimization techniques.

For non-cued detection of stationary targets the system
wide probability of detecting a target is given below in

equation 127.
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Pasys ~ iglm.m)i C(Pyot1’i 127y

Where

P sy = gystem wide probability of detection
(ﬂimﬁi = # of images taken by sensor i
(P ); = probability of target detection in
dotl‘i : :
area of interest in a single image

from sensor i
For naon-cued detection of moving targets the system
wide probability of at least one target detection is:
n xi
Pd21 =1 - C.n (1-Pdotli) 2 (128>
i=1
Where Pd>1 = system wide probability of at least
- one detectiaon
P . = probability of target detection in
dotli . : : -
area of interest in a single image
from sensor i
xi = # of images taken by sensor i
For cued detection of stationary targets the system
wide probability of at least one target detection is:
n xi
i=1
Where Pdet*i = probability of target detection in a
single image from sensor 1

For second contact on moving targets the system wide

probability of tracking is given in equation 130.
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Ptrack = iz_:l‘Nim’i Ptrackii (130

Where Ptrack = system wide probability of tracking
P = probability of tracking the target

trackli in a single image from sensor i

This relationship holds for overlapping and non-
gverlapping images by considering overlapping images to be
available from a separate sensor having a Ptrackl derived
From the Ptrackl of the sensors involved.

For follow-on contact the system wide probability of at

least orne detection is:

n m
Psyyy =1 - € 11 [1 (1-P wi (O3 C131)
d21 i=1 3=1 det*i)

Where P «; + = probability of detection in image ]
det*i j -
of sensor i

For all missians the constraint set is:

n
iz:l (N;md; G ¢ Bg (132)

Where C. = cost of one image from sensor i
B$ = budget available in the time frame

0 < (Nim)i ¢ Ky (1335

Where

=
H-
1

maximum number of images available from
sensor i in the time frame

For non-cued detection, additional constraints are

required to ensure that more easily imaged areas within the
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area of interest are not selected over areas that are more

difficult to image.

Can weather satellites detect and track targets of interest?
Current weather satellites cannaot detect or track
objects of interest in the Canadian North. This is because
gaoégnchronous satellites do not provide images of Northern
Canada, and the minimum target size for detection hy the

NOAA series of satellites is approximately 2000 square

meters.

—_— e e e N e e N e

The decision on whether to use commercial imaging
sensors as cues is econamic. The system wide probability of
detection is limited to a maximum which corresponds to the
probability that there are clear skies in the target area.
To achieve the maximum probability of detection the entire
area of interest would have to be imaged. Assuming that the
price per image remains constant irrespective of the number
of images acquired, the cost of imaging the entire area is
$212,000.00 if Landsat MSS imagery is used. The cost of
imaging the entire area is $376,000.00 if Landsat TM imagery
is used. The cost of imaging the entire area is
$2,000,000.00 if SPOT imagery is used. If this imaging were
undertaken in August the system wide probability of

detecting a target located somewhere in the target area
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would be approximately 0.2 due to the likelihood of clouds.
Imaging of the entire area would take Landsat 16 days. It
would take SPOT S days.

If cued, Landsat S and SPOT 1 sensors will detect
targets of interest in Northern Canada with a probability in
a single image equal to the probability of clear skies in
the target area. Since the probability of clear skies
varies both spatially and temporally, the specific location
will influence the number of images to be acquired to return

an acceptable probability of at least one detection.

Will a combination of sensors outperform a single sensor?

The question of sensor or system dominance can be
decided in general terms For each mission. This is
discussed in mare detail in the observations section of this

chapter.

Could an alternative system outperform commercial sensors”?

An alternative system would have ta outperform the
combination of sensors available from commercial saources.
Therefore it would have to return larger system wide
probabilities of detection and tracking for the same cost,

or would have to return equal system wide probabilities of

detection and tracking for less cost than the commercial

systems.
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Can_commercial systems detect Canadian military activity?
Canadian military vehicles and ships, if they have

similar characteristics to those used in this analysis, can

be detected and tracked by current commercial satellite

sensars.

Qbservations

The sixth research question asks whether a mix of
sensors performs better than does a single sensor. The
short answer is that it depends on the mission. A brief
discussiaon of each mission explains this point.

In non-cued detectiaon the goal is wide area
surveillance. A comparison of sensors is possible through
their respective Pdotl and costs. The Pdotl is given by

equation 134.

A P
one det*
int
Where Aone = area of a single image from the sensor
Aint = area of interest

Given competing sensars have equal Pdet*' and since the
area of interest is the same for each sensor, a sensor
producing a larger image will be favored over aone which
produces a smaller image. The solution of the linear

program developed in the first amalysis shows the domination
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of SPOT by Landsat for the wide area surveillance mission.

These results are shown in Table 21.

Table 21. Summary of First Analysis Results

Sensaor/Area # Images
Landsat/B 3.8
Landsat/C 3g.2
Landsat/D 88.c2
Landsat/E 17.0
Landsat/F 25.0
Landsat/G 18.5
SPOT /B c.0
SPQT /C 0.0
SPOT /F 0.0
SPOT /G 0.0

The explanation for this damination is the cost of the
imagery. Landsat TM imagery covers territory at a cost of
$0.13 each square kilometer. SPOT HRV covers territory at a
cost of $0.28 each square kilometer.

In cued detection of stationary targets the size of the
image is nat important in the selection of the sersor. This
is true since sensor performance is compared using
individual Pdet* which does not consider the relative sizes
of the swath and area of interest. In this analysis the
Pdet* is established for Landsat and SPOT as the probability

of there being clear weather in the target area. The two
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factors which are important in sensar selection are the cost

P

of the sensor and the responsiveness of the sensor. For

high value targets it may be necessary to confirm or deny

its presence as quickly as passible. In this situation the
selection of a sensor will be driven by the ability of the
sensar to image an area before a competitor.

Selection of a sensor for second contact with a target
again depends on the situation. The preferred option will
provide the highest Ptrkcon of those available. An
interesting outcome of the analysis is that pocintable
sensors provide slightly higher Ptrkcon values if their
ground trace does not overfly the initial target location
directly. This is shown in Figure 34. The reason this is
true is that the sensor’'s swath, and thus the area it can
cover, is slightly larger aff nadir.

Finally, attempting to acquire follow-on contacts with
targets Favars poaintable sensars. The selection of one
sensor over another is again situation dependent since
several imaging opportunities may be present for each
sensor. The final selection from the available
opportunities will depend on the value of the target and the
requirement to monitor the target as frequently as its value

demands.
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Recaommendations

Detection throughout this research refers to
distinguishing a target from its background in the spatial
domain. [t is also possible to approach detection in the
temporal domain. This requires prior information on the
area of interest and the development of algorithms to
separate out evidence of change over time. Follow-on

research could address the problem of detection in the




temporal domain and investigate the data storage and
processing which would be required to accomplish such
detection.

This research assumes that the timeliness and
availability of images is ideal. Given that these factors
are not necessarily ideal, how could they be evaluated in
the overall determination of the worth of satellite imagery.
Follouw—-on research could develop the algorithms to use in
the evaluation of timeliness and availability and could
develap an averall value algorithm for satellite achired
imagery.

The third mission of surveillance is identification.
What is invalved in this mission? Should the military train
photo~-interpreters or develop pattern recognition algorithms
to effect identification? Follow-on research could identify
the infrastructure and costs involved in these options and
evaluate the options against the mission requirements.

The fourth major area of research which could be
pursued is the addition of active sensor evaluation criteria

and investigation of the impact of active sensors in the

selection of imaging sensors.




Appendix A: Sensor Degscription

This appendix contains a general description of imaging
sensors that are either current or are planned to be
launched in the 1980s. Excluded from this listing are
sensors that are incapable of imaging Northern Canada,
examples of which are the GOES geosynchronous weather
observation satellites and the Tropical Earth Resources
Satellite (TERS) which is planned to fly at 0® inclinatian.

There are four notable omissions from this appendix.
The first is Bressex, a Brazilian shuttle-borne system. It
is omitted since little information is available on this
system. The other omitted systems are Chinasat, Mediasat,
and a possible Saviet digital imaging system. Although
these systems may be developed and become available
commercially in future their current status is speculative

at best.
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h Earth Observation System (E0OS) Palar Platforms

Country Launch Crbit Lifetime Main
of Origin Date Parameters Sensor
usa 1994 i = 98" 10 years Active/

H = 824% km Passive

EQX = 0900 Descending
H 824/542/705 km
EQX = 1330 Ascending

Background: The EOS is sponsored by NASA and is conceived
as the next major operational Earth remote sensing system.
The two polar platforms will carry a variety of sensors and
will in part replace the NOAA weather observation satellite.

Imaging Sensors:

Name Band Bandpass(um) GRC(m) NERDC(%) Swath(km)
MODIS-N 1 .46-.48 500 .2-.5 1500
2 .84- .58 500 .2-.5
3 .66- .68 500 .2-.5
4 .70-.72 S00 .2-.5
S .87-.89 500 .2-.5
6 .93-.95 S00 .2-.5
7 L3- 44 1000
8 .485-.495 1000
9 .515-.525% 1000
10 .56-.57 1000
11 .B15-.625 1000
12 .66-.67 1000
13 .68~ .69 1000
14 .76-.77 1000
15 .B6-.87 1000
2l 1.07-1.09 500 .2-.5
ee 1.12-1.14 SO0 .2-.5
23 1.54-1.596 500 .2-.5
24 1.63-1.6S S00 .2-.5
2s 2.01-2.11 500 .2-.5
cb 2.08-2.18 500 .2-.5
MODIS-T ? .40-1.04 1060
AMRIR 1-11 VIS-NIR 500
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Name Band Bandpass(um) GRC(m) NERD(%) Swath(km)
TIMS ? .40-12.5 30
SAR 1 19MH=z [=3S] 33-100
ITIR 1 .85-.92 15

2-6 1.6-2.36 15

7-11 3.53-11.7 BO
HIRIS ? 45-2.45 30 23
MODIS-N - Moderate Resolution Imaging Spectrometer —--— Nadir

(This MODIS is Fixed at nadir?)

MAODIS-T - T is for tilt along track £ S0°

AMRIR - Advanced Medium Resolutiaon Imaging Radiometer
(Follaw-on to NOAA AVHRR)

ITIR - Intermediate Thermal Infrared, proposed by Japan

HIRIS - High Resolutiaon Imaging Spectrometer

TIMS - Thermal Imaging Spectrometer

SAR - Synthetic Aperture Radar

gther: The HIRIS will be pointable across track * 20°* and
along track * B0°*, and is intended to be a targeted sensor
rather than in cantinuous acperation.

Sources: (23:77)(34:82)(17:1055(62:3623(31:3711(57:388>
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Eurcpean Space Agency Resources Satellite (ERS-1)

Country Launch Orbit Lifetime Main
of Origin Date | Parameters I Sensor
ESaA 13889 i = g8.5° 3 years Active
H = 777 km
C = 3 days
EQX = 1030 Descending

nd: ERS-1 will be the first Earth remote sensing
satellite for the ESA. It is intended to be experimental
and will be the forerunner For Follow-on satellites. If
ERS-1 is a success, ERS-2 could be launched in 1933.

Imaging Sensors:

Name Band Frequency GRC(m) Swath(km)
AMI (o 5.3 GHz 30 75
AMI - Advanced Microwave Instrument

Other: ESA plan to make fast delivery products available
within three hours. A Fast delivery reception facility is
planned fFor Gatineau.

Sources: (53:70)(25:5375(32:375)
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Indian Remote Sensing Satellite (IRS)

AR

Country Launch Orbit Lifetime
of Origin Date Parameters
India ? i = age 3 Years
h H = 304 km
C = 22 days

Background: The Indian remote sensing satellites are
fallow-ons to the Bhaskara 1 and 2 satellites flown in the
late 1970s and early 1880s. The IRS program is planned as a
pre-operational space-based remote sensing system.

Imaging Sensars:

Name Band Bandpass(uml) GRC(m) NERD(X%X) Swath(km)
LISS-1 1 L45-.52 72 148

2 .52-.60

3 .63-.69

4 .76-.390

* »

LISS-2 1 L45-.52 36 .S 148

c .52-.58 .S

3 .62-.68 .35

4 .77-.886 .3

LISS - Linear Imaging Self-Scanning
* There are twao LISS-2 sensors, each swath is 74 km.

Other: Three levels of data products are planned. Level 1
will be corrected for radiometric errors and Earth rotation
and will be delivered in three days. Level 2 will be
corrected for geametric errors and will be delivered in
seven days. Level 3 are referred to as precision products
and will be delivered within three weeks of imaging.

Sources: (42:87)(56:615)(58:6303(60:153)
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JANUS Earth Observation Satellite (JEQS)

Country Launch Orbit Lifetime Main
of Origin Date Parameters Sensor
ESA i = 98.5° 7 4 years Passive
H = 780 km
C = 22 days
EQX = 1000
Background: This is a proposed Earth remote sensing

satellite that could be inserted into orbit in piggy-back
fashion during an ESA launch. The goal is to produce a low
cost satellite.

Imaging Sensors:

Name Band Bandpass(um) GRC(m)> NERD(%) SwathCkm)
? 1 45,52 30 .5 120"

2 .52-.53 .S

3 .62- .68 .35

4 .77-.Bb .3

Scurce: (55:615)
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Japanese Earth Resaurces Satellite (JERS-1)

Country Launch Orbit Lifetime
of Origin. Date Parameters
Japan 19880 i = 93.7°

H = S68 km

Background: In 13980 the National Space Development Agency
of Japan began a research and development program for remote
sensing. Both the JERS-1 and MOS-1 are products of this
program.

Imaging Sensors:

Name Band Bandpass(um) GRC(m) NERD Swath(km)
VNR 1 L45-.52 es 150
2 .52~ .60
3 .63-.69
4 .76-.30
SAR Frequency 1.275 GHz 25x25 75

VNR - Visible and Near-Infrared Radiometer
SAR - Synthetic Aperture Radar

Sources: (36:6113(53:71)
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Landsat 5
Country Launch Orbit Lifetime
of Origin Date Parameters
usa March i = s@° 1991"
1964 H = 705 km
C = 16 days
EQX = 094S Descending

Background: Landsat S is the fifth land satellite to be
launched. This program was originally funded by the US
government but became a commercial venture in 1385. Delays
are expected for the launch of lLandsat 6 so Landsat S is
being operated below capacity in order to extend the life of
the satellite.

Imaging Sensors:

Name Band Bandpass(um) GRC(m) NERD(%) Swath(Ckm)
™ 1 JH45-.52 30 .65 185

2 .52-~.60 .57

3 .63~-.63 .57

4 .76~.80 .33

=] 1.55-1.75 1.68

7 2.08-2.35 2.00

B 10.4~-12.5 120 NETD .5°K @ 300°K
MSS 1 .50-.60 BO

2 .B0~-.70

3 .70-.80

4 .B0-1.1

M - Thematic Mapper
MSS - Multispectral Scanner

Qther: Data from Landsat satellites can be relayed through
the tracking and data relay satellites (TDRS). Initial MSS
processing is accomplished at the Goddard Space Flight
Center (GSFC). Follow-on processing and storage is done at
the Earth resources observation system data center in Sioux
Falls, South Dakota. TM data can be fully processed at
GSFC.

Sources: (56:356)(33:63-~-72.(6%:438)
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Landsat 6/7

Country Launch Orbit Lifetime
of Origin Date I Parameters
usa 1989/1991 i=98"
H = 705 km
C = 16 days
EQX = 0S4S Descending

Background: The future of Landsat 6 and 7 is unclear.

Landsat 6 was ariginally scheduled for launch in 1888. Now
estimates for a launch date range to 1933. Landsat 7 plans
continue however funding for this platform is questionable.

Imaging Sensors:
Name Band Bandpass(um) GRC(m) NERDC%) Swath(km)

ETM (7 spectral as found in Landgat S)
Pap .50-.380 15/5
M, 3.53-3.93 120
8, - B.20-B.75 60
S, B8.75-38.30 B0
10, 10.2-11.0 B0
11 11.0-11.3 60
ALS 4, From VNIR 10
Y4 from SWIR 20

ETM - Enhanced Thematic Mapper, this sensor will be able to
emulate the MSS found on Landsat S

ALS - Advanced Landsat Sensor, possible for Landsat 7

VNIR - Visible and near infrared wavelengths

SWIR -~ Short wave infrared wavelengths

* -~ Under consideration

Qther: EOSAT has conducted a market survey, which included
potential customers fraom the media, to investigate the
possible market for 5 meter resolution imagery. Also EDSAT
has declared that TDORS will not be used to relay imagery of
foreign countries in near real time. Instead such imagery
will be recarded for subsequent transmission.

Sources: (72:74)3(11:148)(27:73)(28:885)(33:189




‘

Maritime Observation Satellite (MOS-1)

rrr "

Country Launch Orbit Lifetime

of Origin Date Parameters

Japan 1983 i = gg9° 2 years
H = 3908 km

EQX = 1100 Descending
Background: MOS-1 is the maritime portion of a Japanese

research and develapment pragram to establish fundamental
technologies for remote sensing satellites.

Imaging Sensors:

Name Band Bandpass(um) GRC(m) NERDOC(X) Swath(km)
MESSR 1 .51-.59 S0 100

(= .61-.69

3 .72~-.80

4 .80~-1.1
VTIR 1 .50~-.70 300 1500

2 6.0~-7.0 2700

3 10.5-11.5 2700

‘4 11.5-12.5 2700

MESSR - Multispectral electronic self-scamning radiometer,
there are twa an MOS-1
VTIR - Visible and thermal infrared radiometer

Sources: (33:187)(53:703(44:53853(439:18)
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NOAA I/J/K/L/N

Country Launch Orbit Lifetime
of Origin Date Parameters
usA 1/0ct 1988 1 =~ 98.9°
J/Mar 13888 H = 862 km
K/Oct 13930

Background: NOAA stands for the National Oceanic and
Atmospheric Administration. The satellites that bear this
name are weather observatian satellites. NOAA satellites
are follow-ans in a caontinuing program which began with the
launch of TIR0S-1 on April 1, 13680. Typically NOAA
satellites operate two at a time and provide both morning
and afternocon imaging of weather systems.

Imaging Sensors:

Name Band Bandpass(um) GRC(m)> NERD(X%) Swath(km)
AVHRR 1 58-.68 1000 3000

2 . .73-1.0

3a 1.57-1.78

3b 3.53-3.93

4 10.2-11.3

S 11.5-12.5

QVHRR - Advanced Very High Resolution Radiometer
- Planned far NOAA K/L/M

Other: NOAA satellites transmit images in real time
directly to users. The resolution at which those images are
received depends on the ground station built. Automatic
picture transmission (APT) images are received at a ground
resolution of four kilometers. High resolution picture
transmission (HRPT) images are received at a ground
resolution of one kilometer.

Sources: (B65:441)(63:52-673(37:2215(58:3)




RADARSAT

Country Launch Orbit Lifetime
of Origin Date Parameters [
Canada 1994 i = 88.5° S years

H = 792 km

C = 16 days

EQX = 1030 Descending

Background: RADARSAT is Canada’'s first Earth observation
satellite. RADARSAT is intended to be both research and
operations oriented. The main sensor will be an active
microwave imaging radar. Until recently the United Kingdom
planned to develop a radiometer to fly with the radar,
however the UK has pulled out of RADARSAT. As a result, the
inclusion of a radiometer has not been finalized.

Imaging Sensors:

Name Band Frequency GRC(m) Swath(km)
SAR c 5.3 Ghz 25(RIx28(A2) -- 7 main soo™
35(R>x28(A2) -- 2 wide-swath 600
10C(RIx8C(A2) ~-- 5 high 45
resolution

(R) = Range

(AZ)= Azimuth

* - The seven beams each have a swath of 100 km but they
overlap.

Qther: Ground stations for RADARSAT include Fort Churchill,
Shoe Cove, Gatineau, Prince Albert, Fairbanks, and Stranraer
in Scotland. Data relay will bhe possible through an ANIK
satellite.

Sources: (53:70)(45:33)(46:561)(47:4083(1:8)
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Sojuzkarta
Cauntry Launch Orbit Lifetime Main
of Origin Date Parameters Sensor
USSR I ? ? )

Backgraund: Sojuzkarta is a commercial firm established by
the government of the Soviet Uniaon to sell satellite
acquired imagery to the world. Few details are available on
platforms, orbits, and sensors. However, Sojuzkarta pravide
a general description of their sensors with their order form
and price list. All sensors listed below are cameras and
rely on physical retrieval of Film canisters to transport
the film to the ground.

Imaging Sensors:

Name Altitude Spectral Resolutiaon Swath
Ckm3 Range (um) (m)J (km x km)
KATE-200 250 .50-.60 15-30 180 x 180
.B60-.70
.70-.30
MKF-B6 250 46— .52 c0 140 x 200
.528-.56
.58-.62
.B4- .68
.70-.74
.79-.90
KATE-140 250 .50-.70 1510] 270 x 270
KFA-1000 250 .57-.67 5-10 80 x BO
.67-.80

Sources: (52:1346)(65:148)
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SPOT 1/2/3

Country Launch Orbit LiFetime
of Origin Date Parameters
France  Feb 1986 i = 98.5°  2-3 years
H = 832 km
C = S days

EQX = 1030 Descending

Backgraund: Systeme Probatoire d’'0Observation de la Terre,
or SPOT began as an ESA project but changed into a French
lead program involving only Sweden, Belgium, and private
interests. [t is currently overseen by the Centre National
d’Etudes Spatial (CNES), a French government agency.

Imaging Sensgrs:

Name Band Bandpass{um) GRC(m) NERD(%) SwathCkm)
HRV xsl .50-.53 20 S 117
XsZ .61-.68 c0 .S
xXs3 .78-.88 20 .5
Pa .51-.73 10 5

YRV - High Resolution Visible
- There are two HRVYs onboard, each with a swath of 60 km.
The overlap of these HRVs results in this swath width.

Other: SPOT's HRVs can be pointed up to 27° off nadir.
This contributes to the orbit repeat cycle considerably
lower than any other commercial sensor. SPOT data can be
received directly within 2600 km of the satellite. Ground
stations include Toulouse, Kiruna (Sweden), Prince Albert,
and Gatineau. However only two of the four possible data
streams can be sent by the satellite. SPOT can be
reprogrammed within three to eight hours faor urgent
requests. Follow-ons to SPOT 1 are planmned. SPOT 2 and 3
are planned to be identical to SPOT 1. For SPOT 4 the goal
is for complete superimposability of panchromatic and
spectral channel data. Alsa an gcean surveillance sensor is
under consideration.

Sources: (20:5103(3:35(11:151)(8:11155(9:143)
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Appendix B: Atmospheric Transmissign

This appendix contains plots of transmission verses
wavelength generated by LOWTRAN 6 faor summer and winter
sub-arctic atmospheres (Figures Bl through B8).

The parameters used to generate the SUMMER SUB-ARCTIC
and WINTER SUB-ARCTIC transmission profiles are given in
Table Bl.

Major causes of attenuation for specific wavelengths

are provided in Table B&2.
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h Table Bl1. LOWTRAN & Parameters Used

Name Description Summer Value Winter Value
MODEL 4 S
ITYPE Slant Path 3 3
IEMSCT Transmittance 0] 0
M1 Temp/Pressure 0] 0
Me Water Vapour 0 0]
M3 Ozone o] o]
NOPRT Normal 0 0
TBOUND Temperature 293.0 253.0
SALB Albeda 0] o]
IHAZE Haze 0 0
ISEASN Season 0 0
IVULCN Volcanic Ash C 0
VIS Visibility 0 o
ICIR Cirrus Clouds 0 0
IVSA Army VSA 0 0
RAINRT Rain Rate o] 0
H1 Initial Altitude o} 0]
He Tangent Altitude 0 o
ANGLE Zenith Angle 0/27 0/27
RANGE Path Length 1000 1000
BETA Centred Angle 0 o
RO Earth Radius 0 o]
V1 Init Wavenumber 800 800
ve Final Wavenumber 25000 25000
DV Increment 5/710/50 5/10/50
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Table BE2. Major Attenuation Culprits
. ]

Bandpass (um) Attenuation Explanation
¢ 0.5 Molecular Scattering
0.71-0.73 Water
0.76 Carbon Dioxide
0.90-0.82 Water
0.93-0.95 Water
1.10-1.15 Water, Carbon Dioxide
1.30-1.50 Water, Water Continuum
1.80-1.30 Water, Water Continuum
2.50-2.90 Water, Water Continuum
3.00-3.10 Water
4.30-4.40 Carbon Dioxide
5.20-7.50 Water, Water Continuum
7 .50~-8.00 Water, Water Continuum
9.10~-10.0 Ozane
> 11.00 Water Continuum

168




S

. B5

.55

Wavelength (micrometers)

O 0O a O O
® (9] < N O
A O D -] O O

.00

Figure Bl. Sub-Arctic Summer Atmaospheric Transmissian
4-.7 Micrometers
(Lower line for Zenith angle 27 degrees) lH

169




1

Q
O

-

- 0 a O
oY) iy < AV -
o o a O O

wavelength (micrometers)

Figure BZ2.

Sub-Arctic Summer Atmospheric Transmission
.7~-1.4% Micrometers
(Lower line for Zenith angle 27 degrees)

170

kM.




] T

=

o ) 0 O
O @ 0 ¥

Wave!ength Cmicrometers)

r a o o

Figure B3, Sub~Arctic Summer Atmospheric Transmission
1.4-~7 Micrometers
(Lower 1line For Zenith angle 27 degrees)




m
<
N
-
M
]
L
< Q
- +
]
£
O
.
W)
£
O )
<
c
+
(@)
c
o
g
[8)]
T ©
=
— @
™~
0 -] O a O O
(1] 00] V0] < N O
A O (] O O (] ﬁ

Figure B4. Sub-Arctic Summer Atmospheric Transmission
7-12.5 Micraometers
(Lower line for Zenith angle 27 degrees) 4

172 |




.73

Wave length (micrometers)

l
0.45

T
O

00
.80

0 O O 0
w T Y -
< ] O o O a

Figure BS. Sub-Arctic Winter Atmospheric Transmission
.4-.7 Micrometers
(Lower line for Zenith angle 27 degrees)

173




™
— .
-
(4]
— -
-

1
Wave length (micrometers)

N
~— m
s

o
o
~
a - G O ] 0 O
o o 18] T gV O
< o ] o (] O
Figure B6. Sub-Arctic Winter Atmospheric Transmission

.7-1.4% Micrometers
(Lawer line Far 2enith angle 27 degrees)

174




— ©

wavelength (micrometers)

~—
T — 0\
e
-
(] (o) O (] O )
O (n4] 9} v (4¥ (]
< ] ) O O ]

Figure B7. Sub-Arctic Winter Atmaospheric Transmission
1.4-7 Micrometers
(Lawer line faor Zenith angle 27 degrees)




13

12

10

wave length (micrometers)

-~

s
o O 0 O =) =)
o @ © T N o
- O o o =) o

Figure BB. Sub-Arctic Winter Atmospheric Transmission
7-12.5 Micrometers
(Lower line for Z2enith angle 27 degrees) !

176




Appendix C: Visible Sensor Threshold Detection Curves

This appendix contains threshold detection curves for
the visible wavelength sensors described in Appendix A.

The plotted line is generated using equation 10.
Actual NERD values were used for Landsat, SPOT, and IRS -
sensors. For all other sensors a nominal NERD of 0.5% was
used. Atmospheric transmission values were taken from the
curves presented in Appendix B,

The threshold line plotted represents the boundary
between detection and non-detection of the target by the
sensor. IF the combination of target size and reflectance
difference falls on or above the threshold line the target
will be detected by the sensor. If it fFalls helow the

threshold line the target will not be detected.
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Figure C7. Landsat Multispectral Scanner, UWinter
(Top curve is Band 4, bottom is Band 2>

184




-
| @
Q
[}
U
c
@
[
w Q
— - Y
- 0O -
o
)]
9]
[
1e]
v 0
o o
-
@
o
[qV]
r_ .
O
/J&
O
o (o] O ] o o (]
o o e} [w] o o (]
o o (2w} [w] o o o
o (] [} [ew] [m] o
oV} [on] [00) w0 < (V]
Al <
(2w 8z15 (yoblael

Figure CB. Landsat Multispectral Scanner, Summer
(Top curve is Band 4, bottom is Band 2)

185




—
6
Ref lectance Difference

80.00\\x—
SG.OON\\\
2

0.

= (o) o
o o o o
() o o o
O v Y
-
Czuw) o218 186.uey
Figure C9. Landsat Enhanced Thematic Mapper, Winter

(Top to bottom are Bands 7, 5, 1, 3, 4, Pa)

186

~R.




1
Ref lectance Difference

80.00:\\
2

100.00
60.00
40.00
20.00

0

(zw) aoz15 1sbue]

Figure C10. Landsat Enhanced Thematic Mapper, Summer
(Top to bottom are Bands 7, S5, 1, 3, 4, Pa)

187

. %




Ref lectance Difference

o (=) D ] o (] (o} o o
o o o o o o o o o
o o o o o o (on} o o
o =] o o o o o o
1) ~ o ) <+ m N -
C2ww) az1g 9buey
Figure C11. LISS-1, UWinter

(Top to bottom are Bands 1, 2, 3, 4)

188




T\‘
[vs)
.
(]
@
9]
<
@
o
w  Q
= - %
[0 RN 8
(]
()}
O
.
lLo]
T g
o =
b
v
o
o
-
O
o (=] (=) (=] (] (] (s (=) o
(= o o o o o o o o
(an) o () o (=] (=] o o o
(o] O O 0 (=] =] (=) (=
(e) ~ w n < m o -
(2ww) 9z15 180ue]

Figure Cl2. LISS-1, Summer
(Top to bottom are Bands 1, 2, 3, 4)




300.00

—
—
_‘/
'—#
O () (=) o o [as]
o o o o o o
o (=) (=] Q o an]
w O e} o wn
[aY] o - <

(2uw) 8zZ1g8 r8bue]

Ref lectance Difference

Figure C13. LISS-2, Winter
{Top to bottom are Bands 1, 2, 3, 4)
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Figure Cl4. LIS5-2, Summer
(Top to bottom are Bands 1, 2, 3, 4)
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Figure C16. SPOT 4 HRV 0.43-0.47 Sensor
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Figure C18. MDS-1 MESSR Winter
(Top curve is Band 1, bottom is Band 2, 3, or 4)
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Appendix D: Target Description

A Canadian Government report, Satellites and
Sovereignty, published in August 1977, identifies targets
which would be subject to surveillance in the Canadian
arctic. Two target types are of interest: survey parties on
land or ice; and shipping. This appendix contains summaries
of the target descriptions provided in the government report
and representative coating reflectances taken from the TPRC
Data Series, Volume 8, Thermal Radiative Properties --

Coatings.
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Survey Party Description

General:

Survey parties are made up of clusters of vehicles and

shelters. The vehicles can be expected to be metallic. The
shelters can be made of a variety of materlials. The number

of vehicles and shelters will vary.

Spatial Characteristics:

Spatial characteristics will also vary. For anaiysis a
representative party consisting of 10 vehicles and five
shelters will be used. Vehicles are assumed to be pairs of
10, 20, 30, 40, and 50 square meters plan size when viewed
from nadir. Shelters for analysis are tents 10 square
meters plan size when viewed froum nadic. When in camp all
vehicles and shelters are assumed to be clustered within a
500 square meter area. When deployed vehicles are assumed
to be in column and spaced by 100 meters.

These choices are arbitrary but within the guidelines

established in the govermnment repart previously cited.

Spectral Characteristics:

Vehicles and shelters are assumed to be painted US Army
olive drab in sufficient quantity to provide an optically
thick coating. The reflectance of this paint, as a function
of wavelength, is plotted in Figure D1.

It is assumed that 1/4 of vehicle plan size is 2°K

warmer than the background while vehicles are operating.
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Figure 0O1. Reflectance of US Army 0Olive Drab
vs Wavelength (TPRC:563)

Vehicles are assumed to be in constant operation. Shelters

are assumed to be at ambient temperature.

Temporal Characteristics:

Base camps are assumed to be stationary but can be

moved monthly.

[nformation Requirements:

Images are required daily and must be available within

12 hours of collection.
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Shipping

General Description:
Targets of interest are single ships entering and

travelling in Canadian arctic waters.

Spatial Characteristics:
Ships may be 10 to 200 meters in length. For this

analysis ships will be a DOH class destroyer which is 115

meters long and 15 meters wide (37:73).

Spectral Characteristics:

Ships will be made of steel and painted wi * aluminum
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Figure D2. Reflectance of Aluminum Oxide on Steel
vs Wavelength (70:799)
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oxide contact coating. The reflectance of this paint, as a
function of wavelength, is plotted in Figure D2.
One tenth of the plan size of the ship is assumed to be

2°K warmer than ambient temperature.

Temparal Characteristics:

The ship is assumed to travel at 20 knots in open

water, and at 3 knots through ice.

Information Requirements:

Images are required every 12 hours and must be

available within 12 hours of collectiaon.

205




Appendix E: Threshold Longitudes for Landsat and_ SPOT

This appendix contains threshold longitude curves far
overlap of the passible target area by lLandsat and SPOT
sensor swaths. If the sensor passes within the threshald
longitude, the sensor’s swath and the possible target area
will overlap.

To determine the local crossing angle, the following
equations are used:

cos(30-q) = cas(Longl)sin(i)

and

sin(long) = tan(lLat)/tan(i)
Where

q = local crossing angle

Long = longitude

i = inclination

Lat = latitude
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Appendix F: Conditicnal Tracking Probabilities

This appendix contains plots oficonditional tracking
probabilities for Landsat S and SPOT sensors.

One anomaly of the spreadsheet used to generate these
curves is that achieving a conditional tracking probability
of 1.0 Forces the software to expand the y axis to a maximum
score of 1.2. Since a probability in excess of 1.0 is
meaningless, conditional tracking probabilities exactly
equal to 1.0 are restricted to a value of 0.39 in this

appendix but should be taken to be 1.0.
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Appendix G: Thermal Threshold Detegction Curves

This appendix contains plots of threshold target sizes
for detection as a function of target exitance for specific
combinations of targets and background. Combinations of
target exitance and area which fall below the threshold
curve will not be detected by the sensor. Thase that fall
on or above the line will be detected by the sensor.

The conditions specified below each graph are important
since the graphs only apply for the indicated target and

background conditions.
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Figure G4. Threshold Target Area vs Target Exitance

Target Emissivity .92,

Landsat 5§ Band 6 Sensor,

Background Emissivity .985
Background Temperature 253°K
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Figure GS. Threshold Target Area vs Target Exitance
Target Emissivity .92, Background Emissivity .3985
Landsat 5 Band 6 Sensor, Background Temperature 275°K +

231 -




(alt Sina D i, g

n
Te)
N
s
" )
Y
<
E
~.
x
A\
)
Q
c
o
0 +
" X
n
N g
L
]
—
8,
)
"
(= =) o =) =) o o X
(&) o o o o o o
o n aQ n o s} o
M o N - -
e w) eauy 313bue)

Figure G6. Threshold Target Area vs Target Exitance
Target Emissivity .74, Background Emissivity .89
Landsat S Band 6 Sensor, Background Temperature 275°K
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Figure G7. Threshold Target Area vs Target Exitanrce
Target Emissivity .74, Background Emissivity .99
Landsat 5 Band B Sensor, Background Temperature 293°K
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Appendix H: Analysis Checklists

This appendix contains the checklists used to calculate
individual remote sensing passive sensars’ probabilities of
detection and tracking, and to optimize system use of these

sensors.
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Checklist 1 -- Start

Specify mission, target(s) of interest, and timeframe.

Define area of interest.

Identify backgrounds possible in area of interest during
timeframe.

Describe background’s spatial, spectral, and temporal
characteristics.

Oescribe target’s spatial, spectral, and temporal
charscteristics.

Identify sensors available during timeframe.

Calculate Pdet fFor each combination of sensor, target,
and background using Equations 10 or 24.
(See Appendices C and G)

Discard all combinatians with Pdet = C.

Gn to mission checklist.
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Checklist 2 -- Non-Cued Detection of Stationary Targets

Calculate Pdet considering array geometry using
Equations 26, 27, 28 and 29.
Partition area of interest into areas of common
obscuration.
For each zone, target, background, and sensor calculate
the Pdet* using Equations 35 or 36.
Oiscard all combinations with Pdet* = 0,
Calculate each combination’s Pdotl using Equation 41.
Specify if the probability of detection is to be
maximized or if the cast is to be minimized.
IF goal is to maximize Pdsgs’
A. Equation 42 used as objective Function: and
B. Eguations 43, 44, 45 and specification that each
area must return similar Pdsgs make up the
constraint set.
ELSE goal is ta minimize cost:
A, Equation 43 is che objective function; and
B. Equations 42, ‘44, 45 and specification that each
area must return similarc Pdsgs make up the
constraint set.

Soclve the linear program.
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Checklist 3 -—- Non-Cued Oetection of Maving Targets

Calculate Pdet considering array geometry using
Equations 26, 27, 28 and 28.
Partition area of interest into areas of common
obscuration.
For each zone, target, background, and sensor calculate
the Pdet* using Equations 35 or 36.
Discard all combinations with Pdet* = 0.
Calculate each combinaticn’s Pdotl using Equation 41.
Specify if the probability of detection is to be
maximized or if the cost is to be minimized.
IF goal is to maximize Pd21:
A. Eguation 47 used as objective function; and
B. Equations 43, 45 and specification that each
area must return similar Pd21 make up the
constraint set.
C. Solve using non-linear programming.
ELSE goal is to minimize cost:
A. Equation 43 is the objective function; and
B. Equations 415, 47 and specification that each
area must return similar Ple make up the
constraint set,

C. Solve using non-linear programming.
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Checklist 4 -- Cued Detection of Stationary Targets

Identify sensors which will have imaging opportunity in
timeframe.
Calculate Pdet considering array geometry using
Equations 26, 27, 28 and 29.
Calculate Pdet* using Equations 35 or 36.
Specify if the probability of detection is to be
maximized or if the cost is to be minimized.
IF goal is to maximize PdZI:
A, Equation 4B used as ohjective Function; and
B. Equations 43, and 45 make up the constraint set.
C. Solve using non-linear programming.
ELSE goal is to minimize cost:
A. Equation 43 is the abjective function; and
B. Egquations 45, and 48 make up the constraint set.

C. Solve using non-linear programming.
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Checklist § -- Second Contact

1. Determine longitude and time of crossing of last known

target latitude for all sensors throughout timeframe.

2. Determine if overlap of swath and possible target area
overlap using Equation 53. (or see Appendix E)

3. Calculate Pdet considering array geometry using
Equations 26, 27, 28 and 29.

4. Calculate Pdet* using Equations 35 and 36.

u

Discard options with Py, = O.
6. IF sensor is Landsat 5 or SPOT 1:
A. See Appendix F to determine Ptrkcon'
ELSE
A. Determine value of Y using Equations 5S4 and 55.
B. IF Y < half the swath width of the sensor:
1. Determine ASNC using Equations §7, 58, S8, BC,
61, 62, 63 and B4.
2. Determine Apos using Equation 73.
ELSE Y > half the sensor’s swath width:
1. Determine ASNC using Equations 65, b6, 67, B8,
839, 70, 71 and 72.
2. Determine Apos using Equation 73.
ALWAYS
3. Determine Ptrkccn using Equation 74.
7. Determine Ptim using Equation 7S.
8. Determine Ptrackl using Equation 75.
9. 1IF available swaths do not dverlap:
A. Specify if Ptrack to be maximized or cost
minimized.
B. IF Ptrack to be maximized:
1. Equation 77 is the objective function.
2. Equations 78 and 79 are the constraint set.
C. IF cost to be minimized:

1. Equation 78 is the chjective functian.
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2. Equations 77 and 73 are the constraint set.
bD. Solve using linear programming.
10. IF available swaths do overlap:
A. Specify if Ptrack to be maximized or cost
minimized.
B. IF Pirack to be maximized:
1. Equation B1 is the objective function.
2. Equations 82 and B3 are the constraint set.
3. Solve using non-linear programming.
C. IF cost to be minimized:
1. Equation 82 is the aobjective Functian.
2. Equations 81 and B3 are the constraint set.

3. Solve using non-linear programming.
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Checklist 6 -- Follow-gn Contact

Determine longitude and time of crossing of last known
target latitude for all sensors throughout timeframe.
Determine earliest target penetration of swath and swath
transit time using Equations B4 and B5.
Identify all imaging opportunities in timeframe.
Calculate Pdet* using Equations 35 and 36.
Specify if Ple to be maximized or cost minimized.
A, IF szl to be maximized:
Equation 86 is the objective Function.
Equations B7 and B8 are the constraint set.
Solve using non-linear programming.
cost to be minimized:
Equation 87 is the objective function.
Equations 86 and BB are the constraint set.

m
w N~ = w N
N . . - . . .

Solve using non-linear programming.
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